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Instructions 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly,it is important that all contri- 
butions should be carefully examined before being submitted, to 
make sure that they conform as closely as possible to the following 
instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should be 
submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on “Use of Abbreviations” on pages 3 and 4. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see “Use of Abbreviations.” 

Separate sheets should be used for the following: (a) title, (b) 
author(s) and complete name of institution or laboratory, (c) 
running tit!e, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 
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To Authors 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (6) “Ezperimental 
Procedure” (or ‘‘Methods’’), (c) ‘‘Results,” (d) ‘‘Discussion,’’ (e) 
“‘Summary,”’ ({) “‘References.”” The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1, The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude witha brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of “unpub- 
lished experiments,’’ ‘‘personal communications,” ete., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words “‘in press.’”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 








should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} X 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow draw- 
ings should be avoided, as should also low wide drawings. Curves 
that can be placed on one chart without undue crowding should 
not be given in separate charts. The drawings should be made 
on Bristol board, blue tracing cloth, or on coordinate paper printed 
in light blue. Mounting on heavy cardboard is undesirable. Pho- 
toengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be 
submitted whenever possible. If it is necessary to submit photo- 
graphic prints because of the excessive size of the originals, these 
should be carefully prepared. All parts of the chart should be in 
even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversize orig- 
inal drawings are submitted, a set of small photographic prints must 
also be included for the use of Referees. A duplicate set of figures 
must accompany the carbon copy of the manuscript. These need 
not be of the same quality as the original figures intended for pub- 
lication, but must be clear and legible for the use of Referees. 

All charts should be ruled off on all four sides close to the area 





Instructions to Authors 


occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Letters and 
figures should be uniform in size and style and large enough so 
that no character will be less than 1.5 mm. high after reduction, 
As a rule, the printed figure is one-half or one-third the size of the 
original drawing, but oversize drawings must be reduced still 
further. Drawings which contain letters or characters which do 
not permit of such reduction must be returned to the authors with 
a request that the size of the lettering be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthelegend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @, 0,8, A, A, @). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof” can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 

The Williams & Wilkins Company 
Mount Royal and Guilford Avenues 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 


additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 
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Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term which appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 
ated throughout, even where the full name is not (e.g. glucose- 
6-P). Structural analogues of a given compound are not to be ab- 
breviated as if they were derivatives of that compound (e.g. 
the nicotinic acid analogue of DPN). Accepted symbols for ele- 
ments or radicals are recommended where applicable (e.g. 
glycero-P for glycero-phosphate, P-glycerate for phosphoglyc- 
erate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose-6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof. Abbreviations for pteroyl-1-glutamic acid 
derivatives (but not the substance itself) may use PGA for the 
parent compound (e.g. PGA-H,; N*-formyl PGA-H,; hydroxy- 
methy] (or CH:OH-) PGA-H,). (Note that pteroyl-i-glutamic 
acid is one member of the class of compounds known collectively 
as the folic acids.) However, since PGA has also been used by 
some authors to denote phosphoglyceric acid or polyglutamic 
acid, it is essential that this abbreviation be defined in a footnote 
in each paper in which it is used. 

Accepted Abbreviations—The abbreviations in the list given 
below, may be used without definition. Other abbreviations 


wie 


should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), diphosphopyridine nucleotide and its 


DPNH reduced form 

TPN, TPNH triphosphopyridine nucleotide and its 
reduced form 

FAD, FADH; flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 


(e.g. acetyl, etc.) 

IMP, the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 

the 2’-, 3’-, (and 5’-, where needed for 


AMP, GMP, 
UMP, CMP 


2’-AMP 3’-AMP (5’- 


AMP), etc. contrast) phosphates of the nucleo- 
sides 
ADP, ete. the 5’(pyro)-diphosphates of adeno- 
sine, etc. 
ATP, ete. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, the 5’-phosphates of 2’-deoxyribosy]) 
dGMP, dIMP, adenine, etc. 


dUMP, dCMP, 
dTMP)* 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 

lactose, etc. ete. 


For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequence as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu, Ileu 
Pro, Phe, CySH, CyS-, 


glycyl, alanyl, valyl, leucyl, isoleucyl, 
prolyl, phenylalanyl, cysteinyl, half- 


Met, cystyl, methionyl, 

Try, Arg, His, Lys, tryptophyl arginyl, histidyl, lysyl, 
Asp, Glu, aspartyl, glutamy], 

Glu-NH2,  Asp-NH:, glutaminyl, asparaginy], sery), 
Ser, 

Thr, Tyr, Hypro, threonyl, tyrosyl, hydroxyprolyl, hy- 
Hylys droxylysy] 


These symbols should be separated from each other by periods 
(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 


* When it is necessary to use d for deoxy, it should be so defined. 
The full prefix requires no such definition. 











6 Use of Abbreviations 


quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage; never for the free amino acids, the names of 
which should be written out in full. 

(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


G,t Fru, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc.* deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, D-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 


¢t Confusion between G for guanosine and for glucose, if it 
Occurs, should be avoided by the use of one name in full. 


(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:t Thus, for polyribonucleo. 
tides (A, G, etc., representing the nucleosides of adenine, 
guanine,f etc.): 


pApG 5’-O-phosphory] - adenylyl] - (3’-5’) - gua- 
nosine or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

ApG-cyclic-p adenylyl-(3’-5’)-guanosine 2’:3’-phos- 
phate 


for polydeoxyribonucleotides:* 

d-pApGpT 5’-O-phosphory]-deoxyadenylyl-(3’-5’)- 
deoxyguanyly] - (3’-5’) -deoxythymi- 
dine, or deoxythymidyly]-(5’-3’)-de- 
oxyguanyly] - (5’-3’) - deoxy - adeno- 
sylyl 5’-phosphate. 


t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957). 





Units of Measurement 


Units of Mass 
kilogram kg. 
gram gm. 
milligram mg. 
microgram ug. (not +) 
millimole mmole (not mm) 
micromole umole (not um) 

Units of Concentration 
molar (mole/liter) M 
millimolar mM 
micromolar uM 

Units of Length, Area, Volume, etc. 
meter m. 
centimeter cm. 
millimicron my 
Angstrom (10° *cm.) A 
square centimeter em? 
cubic centimeter cc., or cm? 
liter 4 
milliliter ml. 
microliter ul. (not d) 
sedimentation coefficient 8. 


sedimentation coefficient in water at 20°, 


extrapolated to zero concentration 8°29, w 
Svedberg unit of sedimentation coeffi- 

cient (107 sec.) Ss 
diffusion coefficient (usually given in 

em.2/sec.) D 


Spectrophotometric Units 


A = Absorbance = logio (1/7) = logio (Jo/J) where T = 
transmittance, J) = intensity of radiation entering the 
medium, J = intensity after traversing the medium 
(The term “absorbance” is preferred to “optical den- 
sity.’’) 

molecular extinction coefficient = AM/bc where M is 
molecular weight, 6 is cell length in centimeters, and c. 
the concentration in grams per 1. 


€ = 


Equilibrium and Velocity Constants 


Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg** + ATP*=— 
MgATP*-, the association constant is: K = (MgATP?-) /(Mg**) 
(ATP*); (in units of m~). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec. (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in m™ sec.—. 

The term milligram per cent (mg.%) should not be used. 
Weight concentrations should be given as gm. per ml., gm. per 
100 ml., gm. per l., ete. 
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Foreword 





This issue of The Journal of Biological Chemistry is dedicated to Rudolph 
J. Anderson, member of the Editorial Board since 1931, and Managing Editor 
from 1937 to 1958. In steadfast devotion to the aims of the Journal, he has 
more than maintained the high standards set by his predecessors, and in 
length of service his record is unparalleled. In the following pages many of 
his friends and associates, together with younger colleagues in their labora- 
tories, have contributed reports of their recent research in response to the 
invitation of the Editors. Many who would have been proud to contribute 
could not be invited, for the size of this issue has already grown well beyond 
the usual limits of the Journal. Some who were invited, including present and 
former members of the Editorial Board, were compelled to decline regretfully, 
because at the moment no piece of research was ripe for presentation. 

In this issue, as always in the past, the Journal remains a place for the 
recording and interpretation of original research. On this occasion, however, 
the invited authors have been given more scope than the Journal can generally 
allow for the discussion of the significance of their work, as they see it, and for 
some speculation as to its wider implications. The Editors hope and believe 
that this added freedom, which cannot usually be granted in the Journal, may 
serve well the progress of science. 

On the following page are listed the names of those who have served on 
the Editorial Board during the term of Rudolph Anderson as Managing Editor. 








MEMBERS OF THE EDITORIAL BOARD OF THE JOURNAL WHO HAVE SERVED 


in Association with 
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Wendell H. Griffith 
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To Rudolph J. Anderson 


This issue of the Journal of Biological Chemistry is an expression of the admira- 
tion and affection of past and present members of the Editorial Board of the Journal 
and their associates for the man who has directed their energies and supervised their 
activities for twenty-one years. Rudolph Anderson assumed the editorial respon- 
sibility for the Journal in 1937 with the issue of Volume 118. His associates on the 
Editorial Board were W. M. Clark, H. T. Clarke, E. V. McCollum, W. C. Rose, and 
D. D. Van Slyke. At that time, the circulation of the Journal was about 1400 
copies, and some 4500 pages of text were printed per year. 

Volume 232 of the Journal, completed in June, 1958, and the last to be edited 
from his office at Yale University in New Haven, had a circulation of about 5200 
copies and represents a publication rate of more than 7000 pages a year. Today, 
there are subscribers in every state and territory of the United States, and almost 
exactly one-half of the copies printed go to residents and libraries in no less than 
54 foreign countries. 

A number of factors have, of course, contributed to the extraordinary growth of 
the Journal of Biological Chemistry. In the past twenty years, biochemistry has 
assumed a far more important position than formerly as a scientific discipline in 
our colleges and universities. More investigators have become concerned, the 
subject matter has broadened immensely, and the rate of progress has accelerated. 

Nevertheless, the growth of the Journal has been greater than the growth of bio- 
chemistry itself, and the explanation of this can only be the high quality of the 
papers published in it. For this, Rudolph Anderson has been largely responsible. 
Over the years, with the aid of an Editorial Board which now numbers thirty 
persons, he has culled and selected, from the thousands of manuscripts which have 
reached his office, those which represent the best products of American biochemistry 
as well as a substantial number of foreign origin. These manuscripts have been 
carefully and sympathetically edited, for none of us is able, without editorial assist- 
ance, to meet the high standards of scientific presentation and English composition 
that he established. There are few of the readers of this tribute who have not re- 
ceived one of those dignified and impersonal letters signed ‘“The Editors” in which 
our faults and shortcomings were set forth with devastating clarity. Fortunately, 
most of us have later had the satisfaction, after the necessary changes have been 
made, of receiving that brief and comforting note which contained the hoped-for 
phrase “accepted for publication.” 

But even this was not the end of our relationship as biochemical authors with 
Rudolph Anderson. In due course, a bulky envelope appeared containing the 
galley proof together with what was sometimes scarcely recognizable as our original 
manuscript. Most of us, experts though we may consider ourselves as observers 
of natural phenomena, must blush when we are brought face to face with the in- 
adequacy of our observation of those tiny but vitally important matters which 
constitute that intangible known as Journal style. Here again Rudolph’s firm 
controlling hand made its appearance; and after we had examined proof and manu- 
script, we hopefully resolved never again to make that particular assortment of 
errors. Furthermore, if we have any sensitivity at all, we must invariably have 
been embarrassed at the amount of labor that his painstaking and highly trained 
staff had been compelled to expend upon a manuscript which, when we sent it off, 
we brashly thought was perfect in every detail. 

What Rudolph Anderson has done during these past twenty-one years is a service 
to science of the highest order. The clear and unequivocal communication of our 
experimental results is our most fundamental obligation as scientists. When we 
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fail to communicate, we fail utterly. The hurried scribbles in our laboratory note- 
books are intelligible only to ourselves, and the seminar and lecture have only a 
temporary and narrow influence. The published record, however, is permanent; 
it is there for all time as a source of pride or shame as the case may be. It has been 
and remains the function of the Managing Editor to minimize and restrict the 
occasions for shame. 

It is proper in this place also to point out that Rudolph Anderson’s service to the 
Journal was made at the sacrifice of uncounted hours spent away from the labora- 
tory at Yale in which he made an internationally recognized contribution to funda- 
mental science. His name will always be associated with his discoveries in the 
field of the lipides of tubercle bacilli. This work was carried on for many years, 
for the most part only with the aid of a post-doctoral fellow or an occasional gradu- 
ate student. In view of the demands upon his time, his social life was also narrowly 
restricted, since most evenings were spent patiently reading and judging the day’s 
batch of manuscripts. All of us who have been connected with the Journal of 
Biological Chemistry as contributors, or as referees and editors, are indebted to 
Rudolph Anderson for the wisdom and kindliness with which he has fulfilled his 
heavy responsibility. All of us regret that time has finally compelled him to pass 
this responsibility to others. We wish him many years of comfort and satisfaction 
in the knowledge of a difficult job magnificently well done. 


HvusBert BrapFrorp VICKERY 
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The Binding of Glycogen and Phosphorylase* 


N. B. Mapsent AND Cart F. Cort 


From the Department of Biological Chemistry, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, July 25, 1958) 


It has been calculated from kinetic measurements that the 
rate of the phosphorylase reaction is half-maximal when the 
glycogen concentration is 20 mg./100 ml. (1). This K, (Mi- 
chaelis-Menten constant) value can be expressed as a molar 
concentration, if the percentage of terminal glucose units (with 
which phosphorylase reacts) is known. For a glycogen with 9 
per cent end groups, the K,, would be 1 x 10~* M, a concentra- 
tion much higher than the enzyme concentration (2 x 10-% 
m) used in such kinetic measurements. 

It seemed of interest to study the combination of glycogen 
and phosphorylase by the ultracentrifugal separation method in 
order to determine how the binding constant obtained by this 
method would compare with the K,, obtained by the kinetic 
method. For this purpose a glycogen of much larger molecular 
weight than that of the enzyme was needed. A phytoglycogen 
prepared from mature sweet corn seemed suitable; it had a 
mean sedimentation coefficient (se, ~) of 200 S and contained 
only 1.2 per cent of material of an 829, ~ of less than 100.1 Phos- 
phorylase a from rabbit muscle has an 8, . of 13. The principle 
of the method was to centrifuge most of this glycogen from the 
upper layer in the centrifuge tube, leaving most of the phos- 
phorylase in the upper layer. The extra amount of protein 
sedimented in tubes which contained glycogen (compared with 
tubes without glycogen) would be considered to be bound to 
the glycogen. 


EXPERIMENTAL 


Protein was determined by measuring the optical density at 
280 mu. To determine glycogen, 1.0 ml. of sample was mixed 
with 0.1 ml. of concentrated HCl and heated for 3 hours in a 
boiling water bath in a tube fitted with a reflux condenser. The 
sample was partially neutralized with 1.1 ml. of 1 n NaOH; 
neutralization was completed with 0.1 N NaOH, and phenol 
red as the indicator. Total glucose was then determined by 
the method of Nelson (2). 

The mature corn phytoglycogen was a sample (No. 512) from 
Corn Products Refining Company, prepared by Dr. T. Schoch. 
Previous analyses in this laboratory showed that this glycogen 
had 8.4 per cent end groups (3). 100.0 mg. of air-dried material 
was weighed out in a 25-ml. volumetric flask, and 0.0015 m 
Versene (the disodium salt of ethylenediaminetetraacetic acid)- 
0.02 m sodium glycerophosphate buffer at pH 6.7 was added to 
volume to give a 0.4 per cent solution. The glycogen dissolved 


* This work was supported by a research grant from the Corn 
Industries Research Foundation. 

+ Present address, Bacteriology Division, Science Service 
Building, Ottawa, Ontario, Canada. 

1 The authors wish to thank Miss Carmelita Lowry for carry- 
ing out these measurements. 


well, except for a few white fibers. Analysis showed that this 
stock solution contained 0.373 per cent of glycogen (as glucose). 
For glycogen monohydrate, this would correspond to a purity 
of 93 per cent. 

The crystals of a phosphorylase a preparation which had 
been recrystallized five times were dissolved in the same buffer 
as described above and centrifuged at room temperature to 
remove a small amount of insoluble material. This stock 
solution contained 3.08 mg. of protein per ml. and 1.5 ml. of it, 
made up to 2.5 ml. with various amounts of glycogen, were used 
in the experiment reported in Table I. 

The Spinco model L preparative ultracentrifuge with the No. 
40 rotor was used. Each of the above solutions was placed in 
8 X 50 mm. plastic tubes of about 2.3-ml. capacity. These 
were seated in nylon holders for placement in the rotor. After 
centrifugation of the preparation, a drawn out glass tube with 
an upturned tip was used to remove the upper solution down 
to 28 mm. from the top of the tube. A preliminary experi- 
ment with solutions containing only protein or glycogen, but 
no mixtures, indicated that a 20-minute centrifugation at room 
temperature at 40,000 r.p.m. (113,000 x g) sedimented all 
of the glycogen from the upper layer. However, 63 per cent 
of the protein was sedimented under these conditions, and so 
in subsequent experiments the solutions were centrifuged for 20 
minutes at 28,500 r.p.m. (57,200 x g). It can be seen in Table 
I that only 30 per cent of the protein was sedimented under 
these conditions. Glycogen was still completely sedimented. 
In the experiment in Table I, two control tubes (not shown), 
each of which contained glycogen alone, were included. After 
centrifugation only 0.4 per cent of the original glycogen was 
left in the top layer. This amount was disregarded in calcula- 
tions. 

Binding of Phosphorylase—It was noted that a turbidity was 
produced when the protein and glycogen solutions were mixed, 
and the extent of turbidity increased from tubes 3 to 9, Table I. 
By the time all of the solutions were ready for centrifugation, 
some agglutinated particles were settling out. After centrifuga- 
tion of the solutions, the upper layers were analyzed for protein, 
as described earlier. It is well known that the Michaelis- 
Menten equation also describes certain types of adsorption 
equilibria which have been studied by Langmuir. Therefore, 
the data of Table I were treated according to the method of 
Lineweaver and Burk, i.e. by plotting the reciprocal of protein 
bound (1/P,) against the reciprocal of the glycogen concentra- 
tion (in percentage), as shown in Fig. 1. The slope is equal to 
K/maximal P,, and K is found to be 270 mg. of glycogen per 
100 ml. or 13,5 times the K,, of liver glycogen as determined by 
the kinetic method. 
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TaBLeE I 
Data from first binding experiment 
Each tube contained the same amount of phosphorylase a 
(1.85 mg. per ml.) and various amounts of corn glycogen, as indi- 
cated below. Centrifugation was for 20 minutes at 57,200 X g 


























at 20°. Protein was determined in the supernatant fluid after 
centrifugation. 
Tube No. 
Materials = 
1 | 2 3 4 5 6 7 s | 9 
Glycogen 
Percentage... | 0.0034\0 0067/0 .027\0.054/0.081/0.116|0.134 
Molarity, X 
104 (as glu- 
cose end 
group)..... 0.175 (0.35 [1.4 (2.8 |4.2 |5.6 |7.0 
| 
Protein 
Mg. per ml.. .|1.29)1.29/1.276 |1.26 {1.16 |1.07 |1.05 |0.987/0.95 
Molarity, X 
BOA, iui cs.d. 2.61/2.61/2.58 (2.55 (2.34 |2.16 |2.12 |1.99 |1.92 
Molarity, X 
10 of | 
bound pro- | 
ae | 0.03 (0.06 (0.27 (0.45 0.49 (0.62 0.69 




















A number of possibilities were explored which might explain 
the difference between the two measurements. It seemed desira- 
ble to repeat the binding experiment after the corn glycogen had 
been subjected to further purification. The material was di- 
gested with strong NaOH, precipitated several times with al- 
cohol, and then was dried with alcohol and ether. The purified 
glycogen dissolved easily and completely when made up to a 4 
per cent solution and, after acid hydrolysis, it yielded 3.87 per 
cent of glucose; it was therefore 96.8 per cent pure as glycogen 
monohydrate. The purification procedure had apparently 
released some glycogen molecules of lower molecular weight, 
since 7.3 per cent of the glycogen remained in the upper layer 
after centrifugation, compared to 0.4 per cent in the previous 
experiment. 

The experiment described in Table II differs from that in Table 
I mainly in the use of higher glycogen concentrations. Owing 
to this, up to 75 per cent of the added protein was carried down 
with the glycogen during centrifugation? It was again noted 
that a turbidity developed at 1 to 2 minutes after mixing the 
phosphorylase and glycogen solutions. The amount of turbidity 
appeared to be less at the higher glycogen concentrations. 

In Fig. 2 the amount of phosphorylase a bound to glycogen is 
plotted against the glycogen concentration, and the same data 
are also shown in a double reciprocal plot. The K derived 
from this plot is 210 mg. of glycogen per 100 ml., which is lower 
than the value obtained in the first binding experiment. It 
seems possible that the purification of the glycogen resulted in 


2 In these instances (tubes 5, 6, and 7, Table II), it was found 
necessary to apply a slight correction to the observed optical 
densities. The correction is based on an unspecific end-absorp- 
tion which remains after most of the phosphorylase a protein 
has been sedimented and which shows a ratio, Do»: Doo, of 0.55. 
The phosphorylase protein shows a ratio, Doo: Dow, of 1.5. This 
information is used to correct the observed optical densities at 
260 and 280 mz to yield a ratio of 1.5. The protein concentration 
is then calculated from the corrected reading at 280 mu. 
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Fia. 1. The data of Table I are plotted as the reciprocal of 
protein bound (1/P,) versus the reciprocal of the glycogen con- 
centration. 


a tighter binding of the protein. Although different enzyme 
preparations were used in the two experiments, the extrapolated 
maximal binding of the protein, for nearly equal initial protein 
concentrations, was almost the same in both instances, being 
2.5 and 2.7 X 10-® M, respectively. 

Another possibility to be considered was that the other sub- 
strates of phosphorylase (glucose-l-phosphate and inorganic 
phosphate) which are present in kinetic experiments might in- 
crease the binding of the enzyme to glycogen. The two-sub- 
strate case has recently been analyzed by Frieden (4) who has 
shown that in some instances the experimentally determined 
dissociation constant for one substrate may be higher than the 
apparent Michaelis constant determined in the presence of 
several concentrations of the second substrate. In tube 4, 
Table II, glucose-1-phosphate and inorganic phosphate were 
present during centrifugation in concentrations sufficient to 


TaBLe II 
Data from second binding experiment 

Each tube contained the same amount of phosphorylase a 
(2.03 mg. per ml.) and various amounts of corn glycogen, purified 
as indicated in the text. Centrifugation was for 20 minutes at 
57,200 X g at 20°. Protein was determined in the supernatant 
fluid after centrifugation. Tube 4 contained, in addition to 
glycogen, 0.016 m glucose-1-phosphate and 0.007 m inorganic 
phosphate. 




















| Tube No. 
Materials -- ————— 
|} ei 2 | 4 rae 
Glycogen | | 
Percentage.............. (0.07 |0.14/ 0.14 0.42! 0.84) 1.4 
Molarity, X 10* (as glu- 
cose end group)....... |3.6 7.2 wa 21.7 |48.5 |72.5 
Protein | | 
Mg. per ml.............. 1.35 | 1.01 /0.78 |0.75| 0.42) 0.34) 0.33 
Molarity, X 10®......... 2.72 | 2.04 | 1.58 | 1.52 0.84 mie 0.67 
Molarity, X 10° of bound 
Protein. ae. ses- ose (0.68) 1.14|1.20 1.88) 2.04, 2.05 
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Fig. 2. The data of Table II are represented as the amount of 
protein (P,) bound to glycogen of different concentrations, and 
the same data are also shown in a double reciprocal plot. 


saturate the enzyme, but their addition did not cause an in- 
crease in the amount of phosphorylase bound to glycogen as 
determined by comparison with a control (tube 3). 

K,, of Corn Glycogen—There remained the possibility that 
sweet corn glycogen did, in fact, have a lower affinity for phos- 
phorylase than did liver glycogen. Previous work with another 
preparation of corn glycogen had established merely the fact 
that it was a “primer” of the phosphorylase reaction (5), but 
the K,, had not been determined. The purified sample of corn 
glycogen (see above) was used for the K,, determination under 
conditions which approximated those of the binding experiments. 

A method for the determination of the K,, of glycogen has 
been described (1). It involves the determination of the first 
order velocity constant, K’, with 0.016 m glucose-1-phosphate as 
substrate in the presence of various amounts of glycogen. The 
phosphorylase reaction in the direction of synthesis involves the 
elongation of the outer chains of glycogen which is the greater 
the lower the initial concentration of glycogen. With the elonga- 
tion of the chains, there also occurs a progressive inhibition of 
the reaction which is the greater the lower the initial concentra- 
tion of glycogen. Initial rates can be obtained, however, by 
plotting 1/K’ against time. This is illustrated in Fig. 3, which 
also includes two concentrations of liver glycogen for comparison. 
From the extrapolated velocities at zero time, the K,, is evalu- 
ated by the method of Lineweaver and Burk. When this is 
done (not illustrated), the K,, for corn glycogen is found to 
be 27 mg./100 ml. in this experiment as compared to 21 mg./100 
ml. for liver glycogen. Therefore, it is clear that the reason for 
the discrepancy between the apparent dissociation constants 
derived from the binding studies and the K,, derived from en- 
zyme kinetics is to be sought in other considerations. 

Molecular Weight of Corn Glycogen—In order to calculate the 
number of enzyme molecules that can be bound by 1 glycogen 
molecule, it is necessary to consider the molecular weight of the 
latter. A sedimentation diagram of corn glycogen, presented 
in Fig. 4, shows that this glycogen, like other glycogens, is 
polydisperse, especially with respect to large sizes, as indicated 
by the long tail. 

The distribution of sizes is illustrated in Fig. 5, in which 
de/ds has been plotted against s2,.. This gives the relative 
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concentration of components as a function of the sedimentation 
coefficient (6). It can be seen that the bulk of the material is in 
the range of 829, from 150 to 350, with a value for the maximal 
component of 2038. Of importance for the binding experiments 
is the fact that only approximately 1 per cent of the material 
has a sedimentation coefficient of less than 100. This made it 
possible to find centrifugal speeds which would sediment most of 
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Fig. 3. The reciprocal of K’, the first order velocity constant 
(X1000) for the phosphorylase reaction obtained in the presence 
of different glycogen concentrations is plotted against time in 
order to evaluate initial rates. For explanation see the text. 
Ci, C2, C3, and C, refer to concentrations of corn glycogen of 
0.0174, 0.087, 0.218, and 0.872 per cent, respectively. L, and Ls 
refer to concentrations of liver glycogen of 0.02 and 1.0 per cent, 
respectively. 
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Fig. 4. Enlarged tracing of sedimentation diagram of mature 
corn glycogen (1.1 per cent solution in water) after 15 minutes 
at 17,980 r.p.m. and bar angle of 40°. 
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the glycogen without causing too much sedimentation of the 
enzyme. 

Extrapolation to zero concentration was not done with this 
glycogen, but with other glycogens it was found that, over a 10- 
fold range, concentration has very little effect on the value of 
820.0. The diffusion coefficient, Doo,.., has been determined for 
a considerable number of glycogens in this laboratory as well as 
in others, and the partial specific volume of glycogen was found 
to be 0.65 by Bridgman (6). The glycogen molecule is pre- 
sumably not rigid enough to justify deductions about its shape 
from the frictional ratio, f/fo. In general, this ratio for different 
glycogens was relatively constant and has been found to be 
between 1.7 and 1.9 by different investigators. 

From the equation for the calculation of the frictional ratio, 
it follows that (Deo,.-)?. 820.6 = C, where the numerical value 
of C is determined by the value of f/fo. In a series of molecular 
weight determinations on glycogen subjected to stepwise en- 
zymatic degradation (7), the above relationship was found 
to obtain; that is, a plot of (De..-)? against 1/s20,.. yielded a 
straight line with C as the slope and with C proportional to 


(1 _ Vn) 
to (f/fo)®” 


From this relationship and a value for f/fo of 1.67, Doo. of corn 
glycogen is calculated to be 0.75 x 10-7. The approximate 
mean molecular weight of this glycogen would then be 19 to 
20 million. 

Further Analysis of Binding Experiments—The maximal 
number of enzyme molecules which can be bound by 1 corn 
glycogen molecule of 20 x 10° molecular weight can be evaluated 
by plotting the data in Table II in the manner shown in Fig. 6. 
Since 7.3 per cent of the glycogen remained in the upper layer 
after centrifugation, 92.7 per cent of the actual glycogen con- 
centration was used in the calculation of the molar concentration. 
R is the molar ratio of glycogen sedimented to protein bound, 
and C is the origina] molar ratio of total glycogen to total protein, 
corrected for that amount of protein which sediments independ- 
ently from the glycogen and that amount of glycogen which 
does not sediment. In Fig. 6, R is plotted against C, and it 
can be seen that the limiting value of R, the ratio of glycogen 
sedimented:protein bound, is 0.03. This can be interpreted 
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Fic. 6. A plot of R, the molar ratio of glycogen sedimented: 
protein bound versus C, the original molar ratio of glycogen: pro- 
tein, calculated from the data of Table II for a molecular weight 


of 20 X 10 for glycogen and of 5 X 105 for enzyme. 


to mean that the maximal number of protein molecules which 
can be bound to 1 glycogen molecule of 20 x 10° molecular 
weight is 33. 

Such a glycogen molecule has 10,000 glucose end groups (8.4 
per cent of 20 x 10°/162).* If it is assumed that each phos- 
phorylase a molecule has four active centers, then it can be 
calculated that a maximum of only 1.3 per cent of the glucose 
end groups on each glycogen molecule is available for binding. 


4 x 33 
10,000 





x 100 


The rest of the end groups may not be available because of steric 
hindrance by the relatively large enzyme molecules. With a 
molecular weight of 500,000 and a partial specific volume of 
0.75, 1 molecule of phosphorylase a would have a volume of 
6.23 x 10° cu. A. If it is assumed that the shape is a prolate 
ellipsoid of revolution and that the axial ratio is 8 (f/fy = 1.55), 
this protein molecule would have a length of 424 A and a diam- 
eter of 53 A. If it were flat against the surface of the glycogen 
molecule, it would occupy an area of approximately 1.7 « 10¢ 
sq.A. Aglycogen molecule of 20 x 10° molecular weight and of 
a partial specific volume of 0.65 would occupy 2.16 « 10’ cu. A. 
If its shape were assumed to be a sphere, the surface area would 
be 3.75 & 10° sq. A. According to these assumptions the 
maximal number of enzyme molecules which could be bound by 1 
glycogen molecule would be 22 (37.5/1.7). 

This calculated value is not inconsistent with the value of 33 
obtained from experimental results. Steric hindrance may well 
account for the discrepancies between physical binding measure- 
ments and kinetic measurements. The physical binding studies 
involve a static situation in which steric hindrance limits the 
effective glucose end group concentration to less than 2 per cent 
of the total. In the kinetie studies, a dynamic situation ob- 


* When the molar concentration of the end group is used for 
the plot in Fig. 6 instead of the molar concentration of glycogen, 
the limiting ratio, end group sedimented: protein bound, is found 
to be 300. This could be interpreted to mean that 1 protein 
molecule occupies 300 end groups and thus leaves room for 33 
enzyme molecules on a glycogen molecule with 10,000 end groups. 
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tains, and all of the glucose end groups are available to the action 
of the enzyme. 

Electron Microscopic Observations—Some preliminary results 
were obtained in collaboration with Dr. Joseph Toby in the 
laboratory of Dr. Robley Williams in the summer of 1956.4 
Very dilute solutions of glycogen in water or in 0.025 per cent 
serum albumin (dilutions of the order of 0.7 to 1.5 ug. of glycogen 
per ml.) were sprayed upon collodion-covered screens. The 
solutions also contained standard polystyrene latex particles 
(1.0 to 1.5 X 10" particles per ml.) which served as reference 
particles for the measurement of diameter and height. The 
preparations were shadowed with uranium. Photographs at 
magnifications of the order of 20,000 show distinct spherical 
particles of glycogen of varying diameters; no large aggregates 
of particles were seen in any of the preparations. The particles 
seem soft in texture, and they are all more or less flattened, as 
indicated by a greater diameter than height. The removal of 
water molecules from between the chains of glycogen is probably 
responsible for the flattening process. 

The purified preparation of corn glycogen mentioned in this 
paper showed particles with diameters ranging from 350 to 450 A. 
A sample of muscle glycogen with an average molecular weight 
of 2.5 X 10° (as calculated from ultracentrifugation and diffusion 
measurements) yielded fairly monodisperse particles with an 
average diameter of 350 A. This glycogen was also examined 
after the outer chains had been degraded (30 per cent reduction 
in size) or elongated (20 per cent increase in size) by phosphoryl- 
ase, but no distinct effect on the diameter of the particles could 
be detected as the result of this treatment. Because of the dif- 
ficulty of estimating the degree of flattening with accuracy, it 
is not possible to make much use of the measured diameters. 
It is to be mentioned merely that corn glycogen of 20 x 10° 
molecular weight, if it were completely spherical, would have a 
diameter of 345 A and the above sample of muscle glycogen, a 
diameter of 173 A. On the other hand, if the flattening observed 
would correspond to a prolate spheroid with an axial ratio of 2, 
the molecular weight corresponding to a major axis of 350 A 
would be approximately 5 x 10° This emphasizes the dif- 
ficulties in relating the measured diameters to the molecular 
weight. It is believed, however, that the technique of molecular 
weight determination of glycogen by electron microscopy can 
be improved. 

Another problem, investigated more successfully, was to 
determine whether a combination of phosphorylase and glycogen 
could be detected. Since the fine droplets of the spray dry al- 
most instantaneously on the screen, and since the solutions used 
are necessarily very dilute, it was feared that the concentration 
range which would permit combination would be passed through 
too quickly. Accordingly, the technique of spraying was modi- 
fied as follows. The collodion-covered screens were placed for 
5 minutes in a closed container in an atmosphere saturated with 
water vapor. After opening the container momentarily for 
spraying, the vessel was closed again and allowed to remain for 
2 to 3 minutes. The screens were then removed, mounted, and 
shadowed with uranium. Control procedures consisted of 
spraying in this same manner phosphorylase alone or muscle 
glycogen alone, with or without added serum albumin. In the 
combination experiments, muscle glycogen was present in a 
concentration of 1 yg. and phosphorylase, in a concentration 


‘ The permission of Dr. Williams to use his laboratory facilities 
for this work is gratefully acknowledged. 
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of 0.3 ug. per ml. The photographs® show the presence of large 
particles with diameters up to 500 A which are distinguished 
by their much greater density from particles seen on other plates. 
There were also small particles of lesser density present. It is 
at least suggestive that the large particles represent glycogen 
molecules which are covered with phosphorylase protein, since 
this would account for their greater density and size. 

Consideration of Size of Glycogen Molecules—From the structure 
analysis of corn glycogen, it is known that the average chain 
length is 11.9 glucose units and the average length of the inner 
and outer chains, 5.0 and 6.9 glucose units, respectively (3). 
It can also be calculated that wien the molecule has grown to 
a molecular weight of 20 x 10°, there will be about 13 successive 
layers or tiers of branch points (glucose units in 1,6 linkage) 
present. If the growth were entirely regular, that is, if each 
outer chain had an equal chance of being elongated by phos- 
phorylase and branched by the branching enzyme, the branch 
points would double in each successive tier, so that 50 per cent 
of all the branch points would be present in the outermost tier. 
In such a structural arrangement, which can be compared to 
that of a multibranched tree, the 13 tiers would have the fol- 
lowing approximate linear dimensions. From x-ray data, the 
length of 2 glucose units along the fiber axis can be estimated 
to be 10.3 A.* For an average of 5 glucose residues per inner 
chain and 13 tiers, this would amount to 335 A, as compared to 
a diameter of 345 A fora spherical glycogen molecule of molee- 
ular weight of 20 x 10°. 

The approximate agreement of these figures is not used as an 
argument that glycogen in solution has a spherical shape. In 
order to make predictions about shape, the degree of hydration, 
the extent of hydrogen bonding, the rigidity of the structure, and 
other factors would have to be known. There is, however, 
one factor of considerable interest which may explain why a 
glycogen molecule cannot grow beyond a certain size. From the 
data given in this paper, one can calculate how much space is 
available to the terminal glucose residues in glycogens of dif- 
ferent sizes. For corn glycogen of molecular weight of 20 x 
10°, the surface area, assuming a sphere, is 3.75 X 10° sq. A, 
and this measure, divided by the number of end groups (10,000), 
allows 37.5 sq. A for each terminal glucose unit. The same 
calculation for a glycogen molecule of one-fourth the size and 
with 2,500 end groups yields an area of 59 sq. A available to each 
terminal glucose unit. It can be noted that the glucose residues 
become more and more crowded as the structure grows in size 
The radius of glucose in terms of an equivalent sphere is 3.6 A 
and from x-ray data the dimensions are determined as 5 X 7 X 9 
A. In either case, the area occupied by 1 glucose residue would 
be between 35 and 40 sq. A. These considerations suggest that 
a structure of the tvpe of glycogen may be self-limiting in size. 


SUMMARY 

The binding of glycogen and phosphorylase was investigated 
by the ultracentrifugal separation method. A phytoglycogen 
prepared from sweet corn was used; it had an average molecular 
weight of 20 x 10°, as compared to 5 xX 10° for the enzyme. 
This difference made it possible to sediment most of the glycogen 
and retain most of the enzyme in the upper layer of the centrifuge 

* The photographs will be made available to interested per- 
sons. 

* The linear polymer amylose is known to assume a helical con- 


figuration in solution, with approximately 6 glucose residues per 
turn. The chains in glycogen would be too short to form a helix 











1256 


tube. The extra amount of enzyme sedimented in tubes which 
contained glycogen was considered to be bound to the glycogen. 
The binding constant was evaluated from a Lineweaver-Burk 
plot and compared with the Michaelis constant derived from 
enzyme kinetics. The K,, for corn glycogen was 27 mg./100 ml. 
and a corresponding value for liver glycogen was 21 mg./100 ml. 
The binding constant was found to be about 10 times larger than 
K,. The presence of the other substrates (glucose-1-phosphate 
and inorganic phosphate, as in the kinetic measurements) had 
no effect on the binding of glycogen and phosphorylase. 

From the limiting ratio, glycogen sedimented : phosphorylase 
bound, it was calculated that 1 glycogen molecule of molecular 
weight 20 x 10° could bind a maximal of 33 enzyme molecules. 
Another calculation, based on the simplified assumptions that 
the glycogen molecule is spherical and the enzyme flat against its 
surface, yielded 22 as the maximal number of enzyme molecules 
which could be bound by 1 glycogen molecule. This type of 
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binding would limit the effective glucose end group concentra- 
tion to less than 2 per cent of the total, whereas in the kinetic 
measurements all of the end groups are accessible to the action 
of the enzyme. Steric hindrance by the relatively large enzyme 
molecules in a static, as compared to a dynamic situation is 
considered as the most likely explanation for the difference 
between the binding and the kinetic measurements. 

Preliminary experiments are recorded in which the diameters 
of glycogen particles have been measured on photographic plates 
obtained with the electron microscope. Mixtures of glycogen 
and phosphorylase yielded particles of greater size and density 
than either glycogen or phosphorylase alone. 

Consideration of the structure of glycogen in relation to surface 
area indicates that the glucose end groups become more and more 
crowded as the size of the molecule increases. It is suggested 
that glycogen may represent a self-limiting structure with respect 
to size. 
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Studies on Carbohydrate Metabolism in Rat Liver Slices 


XIV. METABOLIC ALTERATIONS ASSOCIATED WITH DIETARY VARIATION* 


BerNarD R. Lanpavu,t A. Batrp Hastines, anp Syivia Zorru 


From the Department of Biological Chemistry, Harvard Medical School, Boston, Massachusetts 


(Received for publication, May 26, 1958) 


The continuing interest in our laboratory for several years 
has been the quantitative evaluation of pathways of carbo- 
hydrate metabolism in livers under normal conditions and under 
experimental conditions which modify these pathways. Such 
modifying factors as hormones (1, 2), the ionic environment 
(3), and the oxidation-reduction potentials (4) have been stud- 
ied. It is the purpose of the present study to examine the 
response of the metabolic systems of the liver to different diets 
and to different carbohydrate substrates, specifically glucose, 
galactose, and fructose. 

Extensive studies by others have defined some of the changes 
in metabolism associated with variations in the nature and 
quantity of dietary carbohydrate (5). Hill et al. (6) demon- 
strated that the metabolism of glucose, but not of fructose, was 
impaired in liver slices from rats fed a high fructose diet; these 
authors concluded that liver glucokinase activity adapts to the 
kind of carbohydrate presented to the liver. Masoro et al. (7) 
observed that lipogenesis is decreased in liver slices from rats 
fed diets low in carbohydrate. Freedland and Harper (8) 
found an increase in glucose-6-phosphatase activity in rats 
given a high galactose or high fructose diet. 

Previous experiments reported from our laboratory have 
been conducted on livers from rats maintained on a Purina 
chow diet. In the present study we have compared the path- 
ways followed by glucose, galactose, and fructose in livers of 
rats fed this diet with the pathways followed in livers of rats 
fed four experimental diets, differing in their quantities of glu- 
cose or galactose. These sugars served in the experimental 
diets as the sole source of carbohydrate. Certain quantitative 
differences in the hepatic metabolism of the carbohydrates 
studied have been found as a result of these dietary alterations. 
These differences have included increased glucose phosphoryla- 
tion in rats fed a high glucose diet, decreased phosphorylation 
and increased glucose-6-phosphatase activity in rats fed a high 
galactose diet, and marked depression of lipogenesis from glu- 
cose, galactose, or fructose as a result of diets high in galactose 
or low in carbohydrate. 


EXPERIMENTAL 


Preparation of Animals—Male albino rats of the Wistar 
strain, weighing 200 gm., were used. The compositions of the 
diets used are listed in Table I. Until 5 days before use the 


* This work was supported in part by the United States Atomic 
Energy Commission and the Eugene Higgins Trust through Har- 
vard University. 
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rats were fed ad libitum on Purina chow (referred to as the 
control diet), which contains 47 per cent carbohydrate. At 
that time they were either maintained on the control diet or 
transferred for 5 days to a high carbohydrate diet that contained 
either 65 per cent glucose (Diet A) or 65 per cent galactose 
(Diet B), or to a low carbohydrate diet that contained 25 per 
cent glucose (Diet C) or 25 per cent galactose (Diet D). The 
diets were supplemented with salts and vitamins, and their 
caloric value ranged from 386 to 426 calories/100 gm. of diet. 
Several measurements of the responses of the animals to these 
diets are summarized in Table II. The largest daily weight 
gain occurred in the rats fed the control diet and the smallest, 
in those fed the high galactose diet. The dietary intake was 
not significantly different in relation to the different diets sup- 
plied, except that the control diet was more readily accepted. 
During the first 2 days after the rats were transferred to the 
high galactose diet, the daily intake of food was frequently 
reduced. Liver weights per 100 gm. of body weight at the time 
the animals were killed were similar in all five groups. Liver 
glycogen was highest in the rats fed the high glucose diet and 
lowest in those fed the high galactose diet. Blood glucose 
concentrations were normal, but blood galactose concentrations 
were high in the rats fed the high galactose diet. In all, 69 
animals have been studied in the experiments presented below. 
Medium and Substrates—The animals were killed by a blow 
on the head and immediate exsanguination. The livers 
were sliced and a total of 1 gm. of slices per flask was incubated 
in 12 ml. of a medium of ionic composition that contained, in 
millimoles per |.: K, 110; Mg, 20; Ca, 10; HCOs, 40; and Cl, 
130. The incubation solution was equilibrated with 5 per cent 
CO--95 per cent O2, giving a pH, in the presence of the liver 
slices, that varied between 7.4 and 7.5. Glucose-1-C™, glucose- 
6-C™, uniformly labeled glucose-C™, galactose-1-C™, and uni- 
formly labeled fructose-C“ were used as labeled substrates.' 
Incubation was for 90 minutes except where otherwise indicated. 
When only one substrate per flask was used the concentration 
was 20 mm. When two substrates were present, involving 
paired flasks, the concentration of each substrate was 20 mm 
and only one of the two substrates was labeled with C™. 
Methods—Procedures for the chemical and isotopic analyses 
of glucose and glycogen (11), CO, (12), and fatty acids (13) 


1 Glucose-1-C™, uniformly labeled glucose-C™ and uniformly 
labeled fructose-C™ were obtained from Nuclear-Chicago Corpora- 
tion, Chicago, Illinois. Glucose-6-C™ was obtained from Volk 
Radiochemical Company, Chicago, Illinois and galactose-1-C™* 
from Dr. H. S. Isbell, National Bureau of Standards, Washington, 
D.C. 
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TABLE I 
Diet content 
The compositions of the diets are shown below. Values are in 
gram percent. All rats were maintained on the control diet until 
5 days before they were killed. One group of rats was continued 
on this diet and the remaining animals were transferred for 5 
days to either a high or low carbohydrate diet. 














yom 3 High carbohydrate diet| Low carbohydrate diett 
Dietary constituent vai 

| (Con- | Glucose | Galactose | Glucose | Galactose 

| trol) | (Diet A) | (Diet B) | (Diet C) | (Diet D) 
Carbohydrate.....| 47 | 65 65 2 | 25 
Protein........... | 25 18 18 50 6|)ClOO 
_. ae 6 6 | 6 4 | 
Salt mixture, 

U.S.P. XIV..... 4 4 | 4 4 
Yeast extract.....| 5 5 a) I 5 
Cod liver oil......| 2 2 2 | 2 

| 
34 14 15 3 3 


No. of Animals... .| 





* This is a typical analysis for Purina chow. Fiber, vitamins, 
salts, and moisture are present to total 100 gram per cent. Car- 
bohydrate is measured as nitrogen-free extract (9). 

+ Protein was added as casein, and fat as corn oil. 


Taste II 
Effects of various dietary conditions 
Figures represent the mean values of weight gain, diet intake, 
liver weight, liver glycogen, and blood glucose and galactose 
concentrations at the time of death of the rats on the different 
diets. 








__ Diet | Liver | , 
Weight intake/ lweight/| Liver | Blood | Blood 
Diet gain, 100 coke 100 gm. | glyco- glucose/| 88 7100 
gm./day weight bey gen/gm. 100 ml. - Ps 
day weight | i 
| 
em gm. gm. | pmole mg. mg. 
Control..... 2.5 | 9.5 | 4.7 | 235 | 98 9 
High glucose (A)... 1.2} 6.1 | 5.2 | 288 | 102 6 
High galactose (B) —0.4 7.5 | 4.8 | 158 | 83 | 229 
Low glucose (C) 2.0; 7.0 | 5.1 | 20 | 77 
Low galactose (D).. 2.0 7.5 | 5.4 | 225 | 105 3 





* Determined as non-glucose reducing substance by the glucose 
oxidase method (10). 


were those previously described. Lactate was determined by 
the Barker and Summerson (14) procedure. Galactose and 
fructose in the presence of glucose were determined by a mod- 
ification of the glucose oxidase method (10), except that in a 
few experiments fructose was determined by the Higashi and 
Peters (15) modification of the method of Roe. Glucose of 
the medium, in the presence of galactose, was isolated as the 
glucosazone by addition of carrier glucose, formation of the 
osazone, and recrystallization to constant specific activity. 
Suitable controls were employed. Five to seven recrystallizations 
were required to remove significant galactose contamination. 

In time studies of the rate cf glucose and galactose incorpora- 
tion into glycogen, galactose-1-C and glucose-6-C™ were in- 
cubated simultaneously in the same flask; the glucose formed 
from the glycogen upon hydrolysis was converted to the glu- 
cosazone. The glucosazone was degraded to the 1,2-bisphenyl- 
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hydrazone of mesoxalaldehyde (16). In control experiments, 
done in duplicate, this partial degradation of the substrates 
localized over 90 per cent of the activity from the galactose-1-C™ 
in 3 carbon atoms 1, 2, and 3 and over 95 per cent of the activity 
from glucose-6-C™ in its bottom 3 carbon atoms 4, 5, and 6. 
Upon incubation of these substrates separately it was found 
that over 85 per cent of the activity of the glucose derived from 
the glycogen was localized in 3 carbon atoms 1, 2, and 3 when 
galactose-1-C'* was the substrate, and that over 95 per cent 
of the activity was localized in 3 carbon atoms 4, 5, and 6 when 
glucose-6-C™ was the substrate. 

Glucose-6-phosphatase was assayed by the phosphate release 
method (17). 

Calculations—Initial and final glycogen concentrations and 
initial and final concentrations of glucose, galactose, and fructose 
were calculated from the data obtained by direct chemical 
analyses. Concentrations of the following constituents were 
derived from isotopic analysis in accordance with procedures 
previously described (11-13): (a) glycogen, COs, and fatty 
acids from glucose, galactose, and fructose; and (b) glucose 
from galactose. 

The quantity of glucose phosphorylated was also calculated. 
The glucose phosphorylated (i.e. the calculated total glucose up- 
take) includes (a) the fraction of the glucose-6-P formed which 
is hydrolyzed by glucose-6-phosphatase to glucose (glucose — 
glucose-6-P -—+ glucose) plus (6) that fraction of glucose-6-P 
otherwise metabolized (net glucose uptake). The formulas 
used for these calculations were as follows: 


(glucose phosphorylated) = (glucose to glucose) 
(1) 
+ (net glucose uptake) 


Where: 
(glucose to glucose) 


(glycogen from glucose) 
Kee : = 
(glycogen from galactose) 





= (galactose to glucose) 


and: 
(net glucose uptake) = (initial glucose) 


= (final glucose) (specific activity of final glucose) 


(specific activity of initial glucose) 


These values for glucose phosphorylated were compared with 
other calculations from galactose and fructose experiments as 
follows: 


(glucose phosphorylated) = (galactose uptake) 


(glycogen from glucose) (2) 
(glycogen from galactose) 
and (18): 
(‘‘maximal”’’ glucose phosphorylated) 
(glycogen from glucose) (3) 


= (fructose uptake) X (glycogen from fructose) 

In the study of conversion of glucose and galactose to glycogen 
as a function of time, the activity of the mesoxalaldehyde, 
which contains carbon-1 of glucose, was used to measure the 
amount of incorporation of galactose-1-C™ into glycogen. The 
total activity incorporated into glycogen, as measured by the 
glucosazone activity, minus the activity in the mesoxalaldehyde, 
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Taste III 
Metabolism of glucose-1-C™ (20 mm) and galactose-1-C'* (20 mm) 
by slices from rats fed the various diets 
Experiments are designated by numbers; rats by letters. Val- 
ues are expressed as micromoles per gm. of slices per 90 minutes 
of incubation. 




































































Glucose-1-C™« Galactose-1-C"* 
Experiment | ca | - 
an j ees 
Rat No. | Net! qo To | To 5? Net | To | To | ,To | To | Zé 
1 fi ly- | f lu- | = 
take | CO “gen | acide take | COs | ogen! bm 4 | cose | 4 
Control diet 
la* |5.5\10.0| | | go2sie| | | 
ib* 6.2 u. 6 | | | 20 2-8 [8 | | | 
le* 3.5 {11.5 | 30 [1.5 3.1 | 4 
2a* 6.9 |17.6 24 |1.4 (2.5 | | ad 
2b* 6.6 /13.8 26 0.8 1.8 } | 
2c* 5.3 (17.0 | 37 0.7 |2.6 | -— 
7a 5.5 |15.2 | 1.7 /4.0 | _ 
10b | 37 | 5.5 19.5 | 2.2 | 18 1.9 4.5 | 0.4 |15.5 
lib | 36 | 6.9 {16.2 | 1.3 | | 27 (2.1 |3.3 | 0.3 17.0 
19a* 4.2/16.1/0.4 14.9) 1855.7/0.1) [10.5 
19b* 4.0 115.2 | 0.5 17.0, 1.513.6/0.1| (12.6 
19¢* 6.3 (25.6 | 1.1 |21.4 1.7 6.1/0.3) [18.9 
a NE Seth tell Race: coven ES mahi sae Raia A ence 
Mean...| 37 | 5.5 15.8 | 1.1 17.8 | 28 1.7 3.6 0.3 16.3)14.0 
High oss diet (A) 
5b =| ~— {10.8 (25.0 32.8 | 14 [1.6 [3.2 | | {21.3 
8b | 14.2 28.0 | 0.9 28.0 | 58 2.1 6.3 0.14 | 17.0 
% | 11.0 [30.0 | 2.3 48.0 | 36 |1.8 6.3 0.48 | 30.0 
lla | 50 |12.5 24.0 | 2.6 13 |1.7 3.8 0.38 15 | 
15e* | {1.9 [41.1 | 3.2 (2401.7 2.90.28) 
15d* | 8.2 |40.7 | 1.7 | 21 |1.0 |4.6 [0.23 | | 
17a* | 49 | 3.6 [32.0 | 0.6 | | 
i7b* | 60 | 4.8 [32.5 | 0.4 | | 
men yoo ee 28 1.7 4.5 0.30 15 (23.8 
| | oa. | 
High galactose diet (B) 
sa S| S| 6.3} 2 4 19.2 | 14 3.0 [2.1 | 9.9 
8a | | 8.1 | 5.0 10.27 [16.0 | 45 3.5 1.9 0.08) = 14.2 
9% | | 3.6] . 8 0.07 | 9.7 | 34 2.9 2.5 0.04, 12.8 
10a | 34 | 4.3 | 6.4 0.03 30 2.4 |4.7 0.03 10.4 
lia* | | 8.0 | 3.4 (0.19 8 |2.2 3.8 (0.02 
15b* | 5.2 wl cad | 26 1.7 3.2 0.02 
Mean. «| 84 | | 5.9 | 3.6 0.13 [11.6 26 2.6 8.0 0.04 10.412.8 








Low glucose diet © 





| 31 











6 l | 
12b 6.1 ps0 0.35 26.4 | 27 11.1 [5.3 0. 06 6 2 822.6 
13b | 43 | 3.8 |14.7 (0.18 | 34 0.7 3.2 [0.03 | | 
14b | 4.7 |14.8 (0.20 1.03.7 0.04) | 
| ——|———_ | —_ | __ |_| — an Seen 
Mean. ..| 87 | 4.9 [18.5 |0.27 26.4 (31 0.9 4.1 0.04 12.822.6 
= ow ace diet DO = ities 
12a | 42 | 5.1 (13.1 0. 16 | 23 |1.7 /4.4 0. . 12.5 
13a | 29 | 4.2 /11.8 |0.20 17.2 38 1.2 4.3 0 15.0 
4a | eens 5.9 (0.10 2.0 2.5 0 04 
ee | ee — | — -—— _ - —— 
Mean...| 36 | 4.6 10. 3 0.15 17.2 | 31 1.6 3.7 0.03 12.515.0 





* Except for the values given for these experiments all values 


are the average of duplicate flasks. 
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was considered the measure of incorporation of glucose-6-C™ 
into glycogen. 


RESULTS 


Incubation with Single Substrates—In Table III are given the 
values, in micromoles per gm. of liver slices per 90 minutes of 
incubation, for net uptake of glucose-1-C™ and galactose-1-C™; 
their conversion to CO:, glycogen, fatty acids, and glucose; and 
the lactate formed. Comparison of the data for livers from 
animals on the experimental diets with data for animals on the 
control diet indicates that the following changes occurred. 

1. High glucose diet (A): The extent of conversion of glucose 
to CO, and to glycogen was about twice that of the control. 
Lactic acid formation was increased. The conversion of glucose 
to fatty acids was increased. No significant differences in the 
metabolism of galactose were observed in livers of animals on 
Diet A. 

2. High galactose diet (B): The conversion of glucose to 
glycogen and to fatty acids was markedly decreased, but the 
conversion to CO: was unchanged. Conversion of galactose to 
CO: and glycogen was unchanged, but there was a decreased 
conversion of galactose to fatty acids. 

3. Low glucose diet (C): The conversion of glucose to CO, 
and glycogen was unchanged, but the conversion to fatty acids 
was decreased. The metabolism of galactose was unchanged 
except for a diminished conversion of galactose to fatty acids. 

4. Low galactose diet (D): The conversion of glucose to CO, 
and glycogen was unchanged, and the conversion to fatty acids 
was decreased, as in the case of Diet C. The metabolism of 
galactose was also similar to that observed with Diet C. 

Incubation with Paired Substrates (Glucose and Galactose)—In 
Table IV are presented the results of five experiments in which 
incubations of livers from animals given the control diet were 
conducted in paired flasks in the presence of both glucose and 
galactose, each at a concentration of 20 mm. In one flask glu- 
cose was labeled (glucose-1-C™) and galactose was unlabeled, 
and in the other flask galactose was labeled (galactose-1-C™) 
and glucose was unlabeled. In relation to the data found under 
comparable dietary conditions with a single substrate (Table 


Tape IV 
Metabolism of glucose and galactose incubated together with slices 
from livers of rats fed the control diet 
Each substrate was at a concentration of 20mm. Flasks were 
paired. In one flask glucose was labeled and in the other, galac- 
tose was labeled. Values are expressed as micromoles per gm. of 
slices per 90 minutes of i incubation. 





Substrates glucose- 


| Substrates galactose- 
1-C™ + galactose 


1-C™ + glucose 
Experiment and Rat No 


Glucose Glucose to Galactose Galactose 











to CO: = glycogen | to CO: toglycogen 

3a 3.6 13.3 0.61 9.1 

3b 4.3 10.0 0.62 7.4 

6a 3.3 14.7 0.48 5.8 

6b §.1 15.4 0.42 5.8 

7b 6.3 13.7 0.68 5.9 

Mean 4.5 13.4 0.56 6.8 
Mean control values (from 

Table I11) 5.5 15.8 1.7 3.6 
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III, control diet), these livers converted less galactose to CO 
and more galactose to glycogen. The conversion of glucose to 
CO; and glycogen was, however, unchanged. 

Metabolic Changes with Time—In order to determine how some 
of the parameters under study varied with time, four experi- 
ments were performed in which liver slices were incubated in 
the presence of galactose-1-C' (20 mm) and glucose-6-C% 
(20 mm). The following measurements were made after in- 














LLMOLES / GM. LIVER 





1 1 a= 

0 30 60 90 
TIME (MINUTES) 

Fig. 1. Metabolic changes plotted as a function of time. ©@, 

galactose uptake; O, galactose converted to glycogen; X, glucose 

converted to glycogen. Each point represents the mean of four 

experiments, and the standard error of the mean is indicated 


as (I). 


TABLE V 
Metabolism of uniformly labeled fructose-C™ (20 mu) by slices of 
liver from rats fed the various diets 
Values are expressed as micromoles per gm. of slices per 90 
minutes of incubation. 


Uniformly labeled fructose-C* 

















Experiment and Lactate 
Rat No. : To fatty formed 

Uptake To CO: = To glycogen pa 

Control diet 
l6g 124 15.4 12.4 2.2 58.0 
16h 109 13.8 13.2 1.5 56.0 
23a Y4 10.4 17.8 0.8 48.0 
23b 87 10.1 16.9 1.4 53.5 
23¢ 80 10.3 18.2 1.0 53.8 
Mean... 99 12.0 15.7 1.4 53.9 
High glucose diet (A) 
16d 116 13.8 11.8 2.7 79.8 
l6e 111 10.6 20.7 0.5 68.8 
16f 101 10.2 14.5 1.4 79.0 
18a 121 15.0 29.1 1.5 75.5 
18b 99 ae 25.6 1.6 76.5 
Mean “ie 109 12.1 20.3 1.6 75.5 
High galactose diet (B) 

l6a 112 13.9 12.7 0.26 44.1 
16b 98 10.6 18.2 0.14 42.4 
18¢ 91 5.6 5.7 0.09 53.5 

22b 86 10.1 8.0 0.23 

22¢ 102 13.4 18.9 0.26 
Mean . 98 | 10.7 12.7 0.20 46.7 
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TaBLe VI 
Metabolism of glucose and fructose 
Metabolism of glucose (20 mm) and fructose (20 mM) present 
together and incubated with liver slices from rats fed the high 
glucose or high galactose diet. Values are expressed as micro- 
moles per gm. of liver slices per 90 minutes incubation. 








‘Substrates uniformly labeled Substrates uniformly labeled 
fructose-C™’ + glucose glucose-C™ + fructose 


Experiment \Fructose 

















and Rat No. | uptake Fructose to: Glucose to: 
; Gly- | F — | oe 7 vee 
CO2 eae oan | COs om es 4 
High glucose diet (A) 
18a 121 Fk ee 1.2 2.0 | 16.0 | 0.24 
18b 100 10.1 | 10.2 0.9 | 1.5 | 18.3 | 0.18 
22a 89 | 11.6 | 10.4 | 3.3 3.2 | 20.4 | 0.61 
Mean... 103 | 11.6 9.6. 1.8 2.2 | 18.2 | 0.33 
High galactose diet (B) 
18¢ 77 5.4 7.2 0.09 2.2 3.0 | 0.04 
18d 88 8.3 6.1 0.06 1.0 3.2 | 0.01 
22b 8&3 9.1 T.4 0.14 1.1 3.5 | 0.01 
22¢ 86 | 13.3 MS 16.3 1) it | 4 0.02 
Mean... 84 9.0 , 8.8 0.14 1.3 4.3 | 0.02 


cubations of 30, 60, and 90 minutes: (a) conversion of galactose 
to glycogen, (6) conversion of glucose to glycogen, and (c) 
galactose uptake. The results of these experiments have been 
plotted in Fig. 1. It can be seen that the rate of galactose up- 
take and the rates of conversion of both glucose to glycogen 
and galactose to glycogen are approximately linear over the 
time period studied. 

Incubation with Uniformly Labeled Fructose-C'—In Table V 
are given the values, in micromoles per gm. of wet liver per 90 
minutes of incubation, for the uptake of uniformly labeled 
fructose-C"; its conversion to CO., glycogen, and fatty acids; 
and the lactate formed in liver slices from rats fed the control 
diet, the high glucose diet (A), and the high galactose diet (B). 
Comparison of the data on livers from the animals given the 
experimental diets with those given the control diet indicate 
that the following changes occurred. 

1. High glucose diet (A): Uptake of fructose and its conver- 
sion to COz and fatty acids were unchanged. There was an 
increase in lactate formation and an increased conversion of 
fructose to glycogen. 

2. High galactose diet (B): There was a decrease in the con- 
version of fructose to fatty acids. Otherwise the values ob- 
served were not significantly different from the values relating 
to livers from animals on the control diet. 

Incubation with Paired Substrates (Glucose and Fructose)—I\n 
Table VI are presented the results of experiments in which 
livers from animals on the high glucose diet (A) and high galac- 
tose diet (B) were incubated in paired flasks in the presence of 
both glucose and fructose. In one flask were uniformly labeled 
fructose-C"™ and unlabeled glucose; in the other flask were uni- 
formly labeled glucose-C“’ and unlabeled fructose. -xamina- 
tion of the data leads to the following conclusions: (a) livers 
from animals on the high glucose diet (A) formed twice as much 
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labeled glycogen from glucose as from fructose; (6) livers from 
animals on the high galactose diet (B) formed one-half as much 
labeled glycogen from glucose as from fructose. Results of 
Diet B, compared with those of Diet A, indicated a decrease 
in the conversion of both glucose and fructose to fatty acids. 
A marked decrease in conversion of glucose to glycogen in livers 
of rats on Diet B as compared with those on Diet A was also 
found. 

Glucose-6-phosphatase activity in livers from rats fed the 
high galactose diet (B) was found to be increased about 40 per 
cent above the activity in livers of rats fed the other diets (10.6 
mg. of phosphorus per gm. of liver per 30 minutes of incubation 
compared with 7.0 mg.). 


DISCUSSION 


Associated with variations in the quantity and kind of carbo- 
hydrate of the diets, marked quantitative changes in the meta- 
bolic pathways that were followed by glucose, galactose, and 
fructose were observed. These changes are consonant with the 
known ability of liver enzyme activities to adapt to the dietary 
constituents presented (5). In comparison with data from 
animals on the control diet, we have observed a decrease in 
glucose utilized by livers from rats fed the high galactose diet 
and an increase in glucose utilized by livers from rats fed the 
high glucose diet. The utilization of galactose (Table III) and 
fructose (Table V) was, on the other hand, unaffected by the 
dietary variations. 

When a comparison was made between the data of the con- 
trol diet experiments and those of the high glucose diet (A) 
experiments, it was found that glucose conversion to COs:, 
glycogen, and fatty acid was increased, which indicated an 
increase in conversion of glucose-6-P to these products. A 
similar comparison with data of the high galactose diet (B) 
experiments indicates that glucose conversion to glycogen and 
fatty acid was decreased. This might be the result of a decrease 
in the amount of glucose-6-P available for conversion to these 
products. Such quantitative changes in the pathways taken by 
glucose-6-P could be accounted for by adaptive changes in 
glucose-6-phosphatase activity or glucokinase activity or both. 
Thus, the increase in phosphatase activity found in livers from 
rats maintained on the high galactose diet could result in an 
increased hydrolysis of glucose-6-P to glucose with a resultant 
decrease in the amount of glucose-6-P available to alternative 
pathways. However, an increase in glucokinase activity in the 
livers from rats on the high glucose diet and a decrease in its 
activity in the livers of rats on the high galactose diet would 
also account for the quantitative changes in the pathways 
observed. 

Although at present it is not possible to measure directly the 
glucose phosphorylated, data presented in Table III and VI 
for the pathways followed by galactose, fructose, and glucose 
permit the estimation of glucose phosphorylation under similar 
experimental conditions. In Table VII are presented the phos- 
phorylation values calculated in three different ways. The 
following assumptions are involved: (a) the C™ found in glycogen 
serves as a measure of the glucose-6-P pool; (6) the same pro- 
portion of glucose-6-P from labeled glucose is hydrolyzed to 
glucose, as is that from labeled galactose; (c) glucose, galactose, 
and fructose contribute to a single glucose-6-P pool. From 
Table VII it is concluded, within the limits of the assumptions 
and the experimental error, that phosphorylation in the high 
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Tasie VII 
Estimated quantity of glucose phosphorylated 
The estimated quantity of glucose phosphorylated on incuba- 
tion of glucose alone or in the presence of fructose (all substrates 
at 20 mm) with slices from livers of rats maintained on the various 
diets has been calculated. Values are expressed as micromoles 
per gm. of liver slices per 90 minutes of incubation. 





Method 
Diet — — — 
1° 2t 3t 

Control 108 123 80§ 
High glucose (A).. 166 197 196 
High galactose (B) 37 31 41 
Low glucose (C) 95 140 
Low galactose (D) 71 86 


* Based on Formula 1, ‘“Experimental’’ section, i.e. (glucose 
phosphorylated) = (glucose to glucose) + (net glucose uptake). 
Data from Table III. 

7 Based on Formula 2, ‘“‘Experimental’’ section, i.e. galactose 
uptake and glycogen ratios. Data from Table III. 

t Based on Formula 3, “‘Experimental’’ section, i.e. maximal 
phosphorylation. Data from Table VI. 


§ From Renold et al. (18). Substrate concentration was 15 mm. 


glucose diet is approximately twice that in the control diet; and 
phosphorylation in the high galactose diet is about one-half that 
in the control diet. 

If fructose and galactose uptakes are considered as measures 
of their phosphorylation, then under the various dietary con- 
ditions there was no evidence of adaptive changes in galacto- 
kinase or fructokinase activities. The increase in the conversion 
of fructose to glycogen in livers from rats fed the high glucose 
diet in relation to comparable data on rats fed the high galactose 
diet, can be attributed to the changes in glucose-6-phosphatase 
and glucokinase activities, with resultant changes in the hy- 
drolysis of glucose-6-P derived from fructose and rephosphoryla- 
tion of the glucose so formed. 

The marked sensitivity of lipogenesis to the nature and quan- 
tity of administered carbohydrate observed in this study com- 
plements the findings of Chaikoff et al. (6, 7, 19), who, with the 
use of glucose as substrate, observed depressed lipogenesis 
upon incubation of liver slices from rats fed diets low in carbo- 
hydrate or in livers of rats fed a high fructose diet. It was also 
found by these authors (6) that insulin administration failed 
to improve glucose conversion to CO, in rats fed the high fruc- 
tose diet. We have similarly found, in four experiments with 
livers from rats fed the high galactose diet, that glucose con- 
version to fatty acids was not increased by administration of 
insulin for a 1- to 3-day period before the rats were killed 

In studies of galactose-1-C™ metabolism in slices of livers 
from rats fed only Purina chow or a diet composed of 40 per 
cent of galactose and 60 per cent of Purina chow, Bloom (20) 
has found that the radiochemical yields of fatty acid and glyco- 
gen, in relation to CO, formed, are consistent with postulates 
based on known enzymatic sequences interrelating glucose and 
galactose metabolism. Our experiments provide in part a4 
confirmation and extension of this work. 

From the data of Tables III and LV, the extent of conversion 
of glucose-1-C™ and galactose-1-C™ to glycogen relative to their 
oxidation to CO, was calculated and is presented in Table VIII 
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Tasie VIII 
Glycogen and Fatty Acid Formation Relative to CO. Production 


By use of the data in Tables III and IV, the ratios of glycogen 
to CO: and fatty acid to CO:, for the substrates glucose and galac- 
tose, have been calculated. The means of the values are given. 











| Glycogen/CO: | Fatty acids CO:! 
Diet | (b/a) | (d/c) 
(a) | (6b) c d) 
I eee | 2.9 | 2.1 | 0.7 | 0.20 | 0.18 | 0.9 
High glucose (A)... .. | 3.3 | 2.6 0.8 0.18 0.18 1.0 
High galactose (B).....| 0.6 1.1 1.9 | 0.022 0.015 0.7 
Low glucose (C)........ | 3.8 4.5 1.2 0.055 0.045 0.8 
Low galactose (D)......| 2.2 | 2.3 | 1.1 0.033 0.19 0.6 
Control (both — sub- | 
strates)...............| 3.0 | 12.0] 4.0 





* The ratios when glucose was substrate are given in columns 
(a) and (c), and the ratios when galactose was substrate in columns 
(b) and (d). 


(see Columns aand 6). Similarly, the conversion of glucose-1-C™ 
and galactose-1-C™ to fatty acids relative to their oxidation to 
CO; is given in Columns c and d, respectively. Glycogen formed 
from galactose, compared with glycogen from glucose, for the 
same quantity of CO, formed from either substrate, is shown by 
the ratios given in Column b/a. Fatty acid formed from galac- 
tose, relative to fatty acid from glucose, for the same quantity 
of CO, formed from each substrate, is shown by the ratios 
given in Column d/c. 

Examination of these ratios indicates the following points. 
(a) The amount of glycogen formed from each substrate relative 
to the amount oxidized to CO., Column b/a, was approximately 
the same under all dietary conditions except in the instance of 
livers which were incubated in the presence of both substrates, 
only one of which was labeled (last line in the table). Under 
these conditions the amount of carbohydrate converted to 
glycogen relative to CO. was 4 times as great from galactose 
as from glucose. (b) The smallest yield of glycogen relative to 
CO: occurred in the livers of rats fed the high galactose diet 
(0.6 umole of glucose converted to glycogen per umole oxidized 
to CO:, and 1.1 wmoles of galactose converted to glycogen per 
umole oxidized to CO:). (c) Under all dietary conditions, 
approximately the same quantity of fatty acid was formed, 
Column d/c, from either glucose or galactose for each molecule 
of substrate oxidized to CO, (d) The highest yield of fatty 
acid from substrate per molecule of substrate oxidized to CO, 
occurred in livers from rats on the control or high glucose diet. 


, a 





G-6-P ¥ 4 
/™. 
FATTY GLYCOGEN 











Fic. 2. Principal relationships between the substrates, glucose 
and galactose, and the products, glycogen, COs, and fatty acids. 
G4-P, glucose 4-phosphate; G-1-P, glucose-1-phosphate. 


Carbohydrate Metabolism in Liver. 


XIV Vol. 233, No. 6 
The fatty acid yield was lowest in the livers from rats fed the 
high galactose diet and amounted to approximately 11 per cent 
of that of the control (0.022 to 0.20). 

Fig. 2 shows in simplified form the relationships between 
glucose and galactose metabolism and serves as a frame of 
reference for an interpretation of the ratios of glycogen to CO, 
and of fatty acid to CO presented in Table VIII. 

Since galactose is converted to glucose-1-P before its con- 
version to glucose-6-P, galactose might be expected to serve 
as a better precursor of glycogen than would glucose, relative 
to their rates of conversion to COz, unless interconversion of 
glucose-1-P and glucose-6-P is sufficiently rapid (Bloom’s Postu- 
late II (20)). Such a rapid interconversion would in effect 
make glucose-1-P and glucose-6-P behave metabolically as a 
single radioactive pool from which both CO, and glycogen would 
be derived. Our data indicate that sufficiently rapid equilib- 
rium does occur under all dietary conditions studied, except 
when both substrates are simultaneously present in excess 
(last line, Column b/a, Table VIII). This is perhaps attribut- 
able to the existence of a large glucose-6-P pool and consequent 
failure of attainment of equilibrium between this compound 
and glucose-6-P. When animals were maintained on the control 
diet and experiments were performed under conditions identical 
with those described by Bloom, we obtained results similar to 
those which he reported. Furthermore, in three experiments 
in which the concentration of highly radioactive galactose-1-C™ 
was 0.1 mm, in the presence of glucose (10 mm) even greater 
quantities of galactose were incorporated into glycogen relative 
to the oxidation of galactose to CO2. This would indicate that 
equilibrium between isotopic glucose-1-P and glucose-6-P was 
not established under such experimental conditions. 

If labeled fatty acids and CO, are both derived from the 
labeled glucose-6-P pool, whether glucose-6-P is derived from 
glucose or galactose as the labeled substrate, the ratio of fatty 
acid to CO, might be expected to be the same for both substrates 
under any given dietary condition (Bloom’s Postulate III (20)). 
This is the case as indicated by Column d/c of Table VIII. The 
ratios shown indicate that glucose and galactose have a common 
intermediate, presumably glucose-6-P, before their conversion 
to fatty acids and CO,. They also provide evidence that the 
metabolic differences produced by dietary changes that occur 
in these pathways are the same qualitatively, but different 
quantitatively, depending upon whether glucose or galactose 
is the substrate. 

As a result of the experiments reported in the present com- 
munication, it is apparent that the role of the liver in carbo- 
hydrate metabolism may be modified in vivo by the nature and 
amount of carbohydrate presented to it. Furthermore, the 
metabolism of glucose, galactose, and fructose measured in 
vitro displays differences of quantitative importance. Thus, in 
considering factors quantitatively affecting pathways of carbo- 
hydrate metabolism in liver, sufficient regard must be given 
to the previous diet of the animal and the kind and quantity of 
substrates as well as to hormones, ionic environment, and oxi- 
dation-reduction state. 


SUMMARY 


Slices from livers of rats maintained on a control diet (Purina 
chow) or on diets containing 25 per cent or 65 per cent of glu- 
cose or galactose were incubated with C-labeled glucose, galac- 
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tose, or fructose. Compared with the control diet, the four 
experimental diets resulted in marked quantitative changes in 
the metabolic pathways followed by these substrates. 

The results indicate that there was (a) an increase in hepatic 
glucokinase activity in the rats fed the high glucose diet and 
(b) a decrease in hepatic glucokinase activity and an increase 
in hepatic glucose-6-phosphatase activity in the rats fed the 
high galactose diet. No adaptation of hepatic galactokinase or 
fructokinase was observed under the various dietary conditions. 

It is concluded that the pathways followed under the dietary 
variations studied are consistent with the presently accepted 
interrelationships of glucose and galactose metabolism and, 
further, that the metabolic response of the liver to carbohydrate 
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substrates in vitro, is dependent upon the “condition” of the 
liver, i.e. upon those adaptations of enzymic activities which 
result from previous dietary history. 


Acknowledgment—The authors are pleased to note that in a 
paper on diet, body condition, and energy production published 
in the Journal of Biological Chemistry in 1917 (21) the state- 
ment is made that: “the condition of the body and not a large 
influx of food on the day previous, determines the height of the 
basal metabolism.” We would like our communication to be 
regarded as but an extension of this classic paper by the dis- 
tinguished scientist and devoted editor of the Journal of Bio- 
logical Chemistry, Rudolph J. Anderson. 
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Wood et al. (1) have injected acetate-1-C" unilaterally into 
the pudic artery which supplies blood to one-half of the cow’s 
udder and investigated separately the milk from the two sides 
of the udder. The lactose from the injected side had a C- 
distribution similar to that obtained from the perfused isolated 
udder (2), whereas that from the noninjected side resembled 
the lactose obtained when acetate-1-C was administered in- 
travenously to the cow (3). Thus the milk from the injected 
side reflected mainly the metabolism of the udder per se whereas 
that from the noninjected side reflected the composite metabo- 
lism of the whole animal. On the injected side the distribution 
of C" in the 6 carbons of the galactose differed greatly from that 
of the glucose and it was concluded that the glucose and galactose 
moieties arise from different precursors (1-3). It was suggested 
that the glucose moiety may arise from free glucose which was 
formed in the liver and subsequently transported to the udder 
and the galactose moiety from hexose phosphate esters formed 
in the udder by phosphorylation of the glucose and by synthe- 
sis de novo. The unsymmetrical distribution of C™ in the ga- 
lactose was suggested to result from a slow triose phosphate isom- 
erase reaction in the udder or as a result of still unknown 
pathways. 

The present study is of the metabolism of glycerol-1 ,3-C", 
i.e. D,i-glycerol-1-C™. It is generally considered that glycerol 
is utilized in animals by conversion to L-glycerol phosphate (4) 
which is then converted to dihydroxyacetone phosphate (5). 
Accordingly, C“ from glycerol would enter the glycolytic reac- 
tions by a different pathway than would C" of acetate which 
enters p-glyceraldehyde phosphate via the Krebs cycle and 
phosphopyruvate. If as postulated a slow triose phosphate 
isomerase reaction caused the unsymmetrical labeling of the 
galactose when acetate-1-C™ was injected, then glycerol-1 ,3-C™ 
should give rise to galactose with the highest C" activity in C-1 
and C-3. It was desired also to determine the C™ distribution 
pattern in the blood glucose. If blood glucose is the precursor 
of the glucose moiety then their distribution patterns should 
be similar. The specific activities of the glycerol and fatty 


* This investigation has been supported by grants from the 
Atomic Energy Commission under contract No. AT-(30-1)-1320 
at Western Reserve University and contract No. AT-(11-1)-67 
at the University of Illinois. The C' was obtained on alloca- 
tion from the Atomic Energy Commission. 

+t Present address, Department of Agricultural Chemistry, 
Michigan State University, East Lansing, Michigan. 


acids of fat and the serine of the casein were investigated. If 
these compounds originated exclusively in the liver and then were 
transported to the udder they would be equally labeled on both 
the injected and noninjected sides. 


EXPERIMENTAL 


Anesthesia of Cow and Injection of Glycerol-1 ,3-C™ into Pudic 
Artery—The cow was given a regional anesthetic covering the 
left flank by injecting procaine into the left epidural space in 
the lumbar region of the spinal column (6). The advantage 
of this procedure is that the anesthesia is produced quickly, 
is of sufficient duration, and the cow remains standing and may 
be milked in a normal position. An 8-inch incision was made 
through the abdominal wall and the pudic artery was located by 
palpation at a point just inferior to the femoral and posterior 
abdominal arterial branches at the inguinal canal (7). The 
injection of the 500 ue. of glycerol-1 ,3-C™ (Volk Radiochemical 
Company) was made from a 10-ml. syringe through Tygon 
tubing attached to an 18-gauge hypodermic needle. The 
needle was inserted through the wall of the artery and the in- 
jection was completed in 2 minutes. Blood then was drawn 
into the syringe and returned to the circulation in order to rinse 
the tubing and syringe. The incision was sutured and the cow 
returned to her pen and given feed and water after about 2.0 
hours. The same cow was used repeatedly for experiments 
and milk production returned to approximately the normal rate 
in about a week. 

Collection of Blood and Determination of C''-activity of Blood 
Glucose—The jugular vein was punctured with a 13-gauge hy- 
podermic needle and the blood was allowed to flow into a 500-ml. 
plastic bottle which contained 0.5 gm. of potassium fluoride and 
1000 units of heparin. The blood was cooled, centrifuged, and 
the plasma removed. The cells were washed with a volume of 
isotonic saline equal to twice the recovered plasma and the saline 
was added to the plasma. After deproteinization with ZnSO, 
and Ba(OH):, the solution was lyophilized. Phenylosazones 
were prepared (8) and after recrystallization the osazone was 
oxidized to CO, (9), the specific activity of the CO. was deter- 
mined (10), and the activity per umole of osazone was calcu- 
lated. 

Free glucose was isolated from the blood sample collected at 
0.37 hour. The glucose was extracted by adding 100 ml. of 
ethanol to the lyophilized material, bringing it to a boil, allowing 
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it to cool, and then filtering. The filtrate was evaporated to 
dryness. The amount of glucose was determined (11, 12) and 
the glucose-C" was diluted four times with carrier glucose. The 
solution was deionized with Duolite C-3 and Duolite A-4 resins 
and then evaporated to dryness. The sugar was taken up in 
absolute ethanol and then concentrated to a small volume until 
crystallization started. After recrystallization the glucose had 
a specific activity of 101 c.p.m./umole after correction for the 
carrier dilution as compared to a value of 99 c.p.m./umole for 
the osazone. 

Separation of Constituents of Milk—Oxytocin was given before 
each milking except for the last at 18 hours. The milk was 
warmed to 40° in 250-ml. plastic bottles, centrifuged, cooled in 
an ice bath, and then poured from under the solid cream through 
glass wool. 75 ml. of ether were added to the cream in each 
bottle and after the fat was dissolved, the mixture was centri- 
fuged to break the emulsion. The ether layer was removed, 
the ether was evaporated, and the melted fat was filtered through 
sharkskin filter paper while being warmed with a Glas-Col 
heater. 

The casein was precipitated from the defatted milk after addi- 
tion of an equal volume of water by adjustment of the pH to 4.7 
with 1 N acetic acid. It was collected by filtration and washed 
with water, alcohol, and ether. The filtrate was lyophilized 
and then the lactose was extracted and crystallized as described 
by Reiss and Barry (13). 12 ml. of 85 per cent methanol were 
used for each gram of lyophilized powder. It is essential that 
the material be completely dry to obtain good extraction and 
yields of lactose. The lactose was recrystallized from 80 per 
cent ethanol. 

Glycerol and Volatile Fatty Acids from Fat—Phospholipides were 
removed from the fat by dissolving 20 gm. of fat in 25 ml. of 
petroleum ether and adding 150 ml. of ice-cold acetone plus 
0.6 ml. of saturated ethanolic magnesium chloride. The re- 
covered fat was saponified with 150 ml. of 1 N aleoholic KOH 
by boiling for 1 hour and then removing the alcohol on a steam 
bath, the volume being held constant by addition of water. 
The mixture was acidified to congo red with 10 n H.SO, and 
the fatty acids were extracted with petroleum ether. The 
glycerol in the aqueous phase was recovered by neutralizing the 
solution with 2 n NaOH, evaporating to dryness on a steam bath, 
and extracting the glycerol from the salts with 100 ml. of 95 
per cent ethanol. The alcohol solution was evaporated and 
the crude glycerol was weighed. The tribenzoate was prepared 
using the following proportions per gram of crude glycerol: 
(a) saturated NaOH, 2.25 ml., (6) benzoyl chloride, 4.5 ml., 
and (c) H.O, 3.5 ml. The water was added first and then 
the sodium hydroxide solution and benzoyl chloride were added 
in quarter portions and with stirring. The mixture was kept 
alkaline at all times. The product was held at 5° overnight, 
and then the liquid was removed with a pipette. The tribenzoate 
was then crystallized twice from methanol and dried in a vacuum 
over sulfuric acid (m.p. 74-76°). The tribenzoate was oxidized 
(9), the specific activity of the CO, determined (10), and the 
specific activity calculated per umole of tribenzoate. 

The volatile fatty acids were recovered from the petroleum 
ether extract by distilling the petroleum ether and then steam 
distilling to obtain at least 10 volumes of distillate. The petro- 
leum ether-water mixture was titrated and then the solution 
was evaporated to dryness. A portion of the salt was oxidized 
(9) and the specific activity of the CO, was determined (10). 
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The volatile fatty acids were selected because possible contami- 
nation by nonvolatile labeled compounds was thus eliminated 
and because Popjak et al. (14) observed that the volatile fatty 
acids had a higher specific activity than the long chain non- 
volatile acids. 

B-Carbon of Serine of Casein—2.5 gm. of casein were hydrolyzed 
with 50 ml. of 6 Nn HCl at 15 pounds pressure for 18 hours. The 
hydrolysate was clarified by adding 10 gm. of phosphotungstic 
acid to the boiling mixture and after cooling it was filtered and 
the precipitate washed. The filtrate was neutralized and then 
placed in a large test tube together with 10 ml. of 0.5 m phos- 
phate buffer pH 5.8, 10 ml. of 0.5 m sodium metaperiodate, and 
1 drop of octyl alcohol. Acetaldehyde and formaldehyde are 
formed from the threonine and serine, respectively. The 
acetaldehyde was removed by vigorous aeration at room tem- 
perature for 30 minutes. The residual iodate and periodate 
were then destroyed and the formaldehyde was precipitated 
as the dimedon derivative. 10 ml. of 2 m sodium arsenite were 
added and then the solution was acidified with 5 n HCl until 
there was no longer transient appearance of iodine. The solu- 
tion was back titrated with dilute sodium hydroxide to brom- 
cresol green and 75 ml. of saturated dimedon solution were added. 
After 6 hours the formaldimedon was removed and crystallized 
from hot ethanol solution and was then dried in a vacuum 
(m.p. 189°). It was oxidized to CO, (9), the specific activity 
of the CO, was determined (10) and the specific activity per 
umole of formaldimedon calculated. Serine was isolated as the 
salt of p-hydroxyazobenzene sulfonate from one sample (Table 
I) and was then degraded (15). The value for the 6-carbon 
agreed closely with that obtained directly from the hydrolyzed 
casein by precipitation of formaldimedon. 

Isolation and Degradation of Glucose and Galactose of Lactose— 
The procedure was as described by Schambye et al. (3) except 
that the lactose was hydrolyzed with 0.1 Nn HCl instead of 1 
n H.SO,. 0.8 gm. of lactose in 30 ml. 0.1 ns HCl was autoclaved 
in a sealed tube for 2 hours at 15 pounds and then the acid was 
removed with Duolite A-4 resin. The glucose and galactose 
were separated on a cellulose column and were crystallized (3). 
The sugars were degraded with Leuconostoc mesenteroides using 
a slight modification (3) of the procedure described by Bern- 
stein and Wood (16). For some degradations, C-6 was converted 
with periodate to formaldehyde and was precipitated as the 
dimedon derivative. The activity of all carbons was determined 
by gas phase CO, counting (10). 


RESULTS AND DISCUSSION 


Specific Activities of Lactose, Serine, Glycerol, and Volatile 
Fatty Acids of Milk from Injected and Noninjected Sides—One 
of the advantages of the unilateral injections of a labeled sub- 
strate into the pudic artery is that the metabolism of the udder 
itself can be studied in the intact cow. It is seen in Table I 
that the lactose, 6-C of serine of casein, glycerol of fat, and vola- 
tile fatty acids of fat contained much more C" on the injected 
side than did the corresponding compounds from the milk of 
the noninjected side. Clearly a considerable amount of the 
glycerol was absorbed during a single passage through the udder 
and was converted to these products in the udder itself. This 
is evident since any C™ of glycerol that passed out of the udder 
into the general circulation would contribute equally to the two 
sides of the udder. It is estimated that the excess C™ in the 
lactose of the injected side over that of the noninjected side 
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TaBLeE I 
Specific activity of milk constituents from injected and noninjected 
sides of udder following injection of glycerol-1,3-C' into 
left pudic artery of cow (Experiment III) 

The Holstein cow weighed 770 kg. and produced ~22 liters of 
milk per day. She was used3 days before this experiment in Exper- 
iment II by Wood et al. (23). At 3:10 p.m. 4 per cent procaine 
was injected in the epidural space. 3:50 p.m. the abdominal in- 
cision on the left side was completed and 50 units of oxytocin 
were injected into the jugular vein. 3:58 p.m. the milking was 
completed, yielding 3850 ml. The lactose of this milk contained 
0.85 c.p.m./umole, the glycerol, 3.10 c.p.m./umole, as a conse- 
quence of the previous Experiment II. 4:08 p.m. 0.2 mmole of 
glycerol-1,3-C'* was injected into the left pudic artery. 4:25 
p.m. suturing of the incision was completed. 4:28 to 4:32 p.m. 
300 ml. of blood were taken from the jugular vein (0.37 hour). 
4:50 to 4:54 p.m. 500 ml. of blood was taken from the jugular 
vein (0.7 hour). 5:38 p.m. 50 units of oxytocin were injected into 
the jugular vein. 5:42 p.m. 820 ml. of milk were obtained from 
the left side, 955 ml. from the right side (1.6 hours). 5:48 to 
5:52 p.m. 500 ml. blood was taken from the jugular vein (1.7 
hours). 6:15 p.m. the cow was placed in the pen, given hay, 
grain, and water. At 7:33 p.m. oxytocin was injected. 7:37 
p.m. 660 ml. of milk was obtained from the left side, 610 ml. from 
the right side (3.5 hours). 7:39 to 7:43 p.m. 500 ml. of blood were 
taken from the jugular vein (3.5 hours). At 10:29 p.m. oxytocin 
was injected. 10:35 p.m. 1580 ml. of milk were obtained from the 
left side, 1140 ml. from the right side (6.5 hours). 10:10 a.m., 
2980 ml. of milk were obtained from the left side, 3115 ml. from the 
right side (18 hours). 





8-C of serine Glycerol of Volatile fatty 














Lactose from casein neutral fat acids — 
Time ee ee 
P Nonin- : Nonin- | ;.- Nonin- ,; Nonin- 
Injected jected | Injected jected oe jected Injected jected 
hrs. c.p.m./pmole c.p.m./pmole c.p.m./pmole c.p.m./pmole 
1.6 930 97.5 | 215* 22.0 200 9.9 0.21 
3.5 | 293 90.0 ' 86.2 14.2 77 28.6 0.52 0.04 
6.5 79.9 406 48.5 10.2 600 32.1 | 0.50 
18.0 14.3 2.0 138 11.2 | 0.17 


11.8 | 8.4 


* The serine of the milk from the injected side at 1.6 hours was 
degraded (15) so as to obtain each carbon; C-3 = 220, C-2 = 11.7, 
C-1 = 239 ep.m./ymole. C.p.m./ymole of serine = 444.1. 


was equivalent to approximately 4 per cent of the total injected 
C“. This caleulation is based on the 18-hour yield of milk 
from each side and on the assumption that the milk contained 5 
per cent lactose. 

Kleiber and Black (17) have employed the same principle 
but used a different technique for study of the metabolism of 
the udder iteelf in the intact cow. They have injected labeled 
compounds directly into the cistern of a lactating cow and have 
found that the milk constituents of the injected quarter have a 
higher activity than those from the 3 noninjected quarters. 
In this way they have shown that CO, is fixed in lactose and that 
acetate is converted to glutamate, aspartate, proline, alanine, 
serine, and glycine in the udder itself. If is of interest that Barry 
(18) considers that al] the essential and most of the nonessential 
amino acids of casein arise from free amino acids of the plasma. 
He states (19) that free amino acids from the blood are the source 
of at least 90 per cent of the amino acids in milk proteins. He 
found no evidence that the mammary gland synthesized amino 
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acids itself. Campbell and Work (20) and Ankonas et al. (21) 
have also concluded that most. of the nitrogen for synthesis 
of milk protein comes from amino acids of the blood. Although 
the present experiment and those of Kleiber and Black (17) do 
not give information on how much synthesis occurred in the 
udder itself, it seems likely that some synthesis did occur. 
However, it is possible that serine may acquire C" by an exchange 
reaction and its C content may not represent net synthesis. 
This possibility is considered since it will be shown in the later 
discussion that the extensive labeling of galactose may be caused 
by an exchange reaction. However, no mechanism is known 
at present for an exchange with serine in the absence of net 
synthesis. 

Relationship of Specific Activity to Processes of Secretion— 
The variation of the specific activity of the milk constituents 
and of the blood glucose with time is shown in Fig. 1. Of 
particular interest is the fact that the maximum specific ac- 
tivities of the glycerol and fatty acids were reached at a later 
time and the C™ activity was maintained longer in the fat than 
it was in the serine of casein or in the lactose. This delay 
of appearance of C™ activity in the glyceride-glycerol occurred 
even though glycerol was the source of the C. The same type 
of time sequence of the maximum activities has been observed 
by Rogers and Kleiber (22) with a number of labeled substrates 
and by Wood et al. (23) using glucose-2,6-C%. Previously 
Popjak et al. (24) had observed somewhat similar results after 
injecting acetate-1-C“ intravenously in a goat. They con- 
sidered the specific activity-time curves to reflect a precursor- 
product relationship as described by Zilversmit et al. (25). It 
therefore was concluded (24) that glucose (from which lactose 
is formed) is the precursor of glycerol in the udder. Since the 
times involved are hours and since it is likely that the inter- 
mediates occurring in the tissue of the udder reached maximum 
specific activities in a much shorter *ime than this, it is suggested 
that the changes in specific activities may be a reflection of 
different secretory processes rather than of precursor-product 
relationships. For example, lactose and casein may be secreted 
by a merocrine type and fat by an apocrine type of secretion. 
Turner (26) notes that an apocrine type of secretion is found in 
many glands which secrete lipoidal material. Dempsey et al 
(27) have observed in the mammary gland that fat is formed at 
the base of the cells and then gradually coalesces into fat globules 

















; 
HOURS 


Fic. 1. Variation with time of the specific activity of the blood 
glucose and of the constituents of milk from the injected side of 
the udder. @, Lactose, c.p.m. per umole; O, serine of casein 
¢.p.m. per ymole of B-C X 2; A, glyceride-glycerol ¢.p.m. per 
pmole; CO, volatile fatty acids of fat c.p.m. per umole of C & 1000; 
X, blood glucose e.p.m. per umole. 
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TaB_e II 
Distribution of C in glucose and galactose of lactose from milk of injected and noninjected sides of udder and in blood glucose 





following injection of glycerol-1,3-C* into left pudic artery of cow 








g | S if ~~ 
Specifi ‘ pecific activity amen 
Time and source Hexose sutivity | A athe aos ‘in ? 
| of hexose | C-1 C2 C3 C-4 Cs C4 degradation 
‘aa \c.p.m./pmole % ica c; 
1.6 hrs. | Glucose | 46.7 5 1.9 | 2.98 | 10.6 | 11.1 1.90 | 10.7 101 
Injected side of udder | 107 | 21.5 94.6 100 17.1 96.5 
| Galactose | 910 98 42.9 25.2 36.4 380 4.90 | 442 102 
| | 11.3 6.6 9.6 100 1.3 115 
1.6 hrs. | Glucose 36.0 37 9.48 | 1.78 8.65 6.14 1.15 7.12 95 
Noninjected side of | 154 28.2 141 100 18.7 116 
udder Galactose | 659.2 61 8.84 0.62 7.47 18.3 1.32 19.0 o4 
| 48.3 3.4 40.7 100 7.2 104 
0.37 hr. | Glucose 101 25.0 5.1 23.3 16.6 2.4 18.6 91 
Jugular blood 151 31 140 100 14 112 








* Italics, c.p.m. per umole; boldface is on basis of C-4 = 100. 


and finally is extruded from the apex of the cell. Thus the de- 
layed and prolonged occurrence of C™ in the fat may represent 
the time required for the cells to go through this secretory cycle 
(see also Rogers and Kleiber (22)). Of interest in this regard 
is the suggestion of Lasfargues (28), based on tissue culture 
studies with rat mammary gland, that milk fat production is 
under the specific control of the adipose tissue. The cells of 
the adipose tissue may synthesize fat while other types of cells 
may synthesize lactose and casein. The difference in time of 
appearance of C™ in the milk components may therefore arise 
because they are formed by different types of cells and at different 
rates. If the specific activity changes were a reflection of 
precursor relationships then the two curves for the glycerol and 
fatty acids should differ since each involves different inter- 
mediates and pools. They are both similar and the results 
indicate that the changes in specific activity are caused in each 
case by the same process, the secretory cycle. 

Distribution of C'* in Lactose and in Blood Glucose—The C™ 
distributions in the glucose and galactose moieties of lactose 
from the injected and noninjected sides at 1.6 hours and in the 
blood glucose at 0.37 hour will be considered next (Table II). 
The specific activities in italic type are as c.p.m. per umole, those 
in bold face are on the basis of the C-4 activity being 100. The 
degradations appear to be reliable since there was reasonably 
good agreement between the sum of the activities of the individual 
carbons as obtained by degradation and that of the original 
hexoses; this is shown by the per cent C™ recovery given in 
the last column of Table II. Also there was agreement between 
the sum of the specific umolar activities of the galactose and 
glucose, Table IT, and that of the corresponding lactoses, Table I. 

Reactions of Injected and Noninjected Side of Udder—Fig. 2 
illustrates in abbreviated form the reactions to be considered; a 
more complete scheme is found in a previous publication (1). 
The reactions on the injected and noninjected sides of the udder 
are the same but they are presented separately to indicate that 
the concentration of C™ differs in the two halves of the udder. 
On the injected side some of the glycerol-1 ,3-C™ is absorbed and 
enters directly into the reactions of the udder (Fig. 2, A); that 
part which is not absorbed passes out of the udder (Fig. 2, B) 
and is subject to the metabolism of the whole body. Part of the 


glycerol-1 ,3-C™ is returned via the general circulation to both 
the injected and noninjected sides of the udder (Fig. 2, (). 
Only the metabolism of the liver is indicated in the body and 
only in relation to the conversion of glycerol-1 ,3-C™ to glucose- 
C™ (Fig. 2, D). The blood glucose is the major precursor of 
lactose and thus is a major factor in the determination of the 
isotope pattern in the lactose (13, 29, 30). Blood glucose (F) 
is indicated to be converted through hexose monophosphates 
to UDP-galactose whereas another portion (F) is converted 
directly to the glucose moiety (1-3). According to these propo- 
sals the glucose moiety on the injected and noninjected sides 
should be similar to the blood glucose. The galactose on the 
injected and noninjected sides should reflect both the isotope 
distribution of the blood glucose and that of the hexose mono- 
phosphates which are formed in the udder itself. On the in- 
jected side since the glycerol-1 ,3-C™ is presented directly to the 
udder it provides high C™ activity to the hexose phosphates. 
Thus the C™ activity in the galactose moiety would be much 
greater than that of the glucose moiety and the C™ distribution 
pattern of the galactose would reflect the metabolism of glycerol 
in the udder itself. On the noninjected side, since some glye- 
erol-1 ,3-C™ would be carried to the udder through the general 
circulation (C, Fig. 2) there would be a difference between 
galactose and glucose but the difference would not be so large 
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Fic. 2. An abbreviated scheme of the relationship of blood 
glucose and of glycerol-1,3-C"* to the synthesis of lactose on the 
injected and noninjected sides of the udder. 














1268 


as on the injected side because much of the glycerol would have 
been used in the metabolism of the whole body. 

Blood Glucose and Distribution of C'“—Fig. 1 shows the specific 
activity time curve for the blood glucose. The highest activity 
was observed in the first sample collected at 0.37 hour. The 
activity may have been somewhat greater at an earlier time 
although probably not much greater (see Baxter et al. (31) and 
Reiss and Barry (13) for other plasma glucose curves). Clearly 
the C activity of the blood glucose was low compared to that 
of the galactose of the injected side (blood glucose 101 ¢.p.m./ 
umole at 0.37 hour, galactose injected side, 910 c.p.m./umole at 
1.6 hours). It is obvious that blood glucose was not the source 
of the highly active C™ of the galactose moiety on the injected 
side. However, the activity of the blood glucose was high enough 
to make it a possible precursor of the glucose moieties of the 
lactose on both the injected and noninjected sides; they contained 
only 46.7 and 36.0 c.p.m./umole of glucose. It should be noted 
that the blood glucose at 1.7 hours had an activity of 50.4 c.p.m./ 
pmole, which is greater than that of the glucose moieties, at 
1.6 hours. This might be taken to indicate that some material 
with lower activity than blood glucose was the source of part 
of the carbon of the glucose moieties and that blood glucose 
was not the major precursor. However, Espe (7) indicates 
that about 20 per cent of the milk remains in the udder after a 
normal milking. With oxytocin there would be less retention 
of milk but the amount of milk which is newly synthesized and 
secreted during 1.6 hours is small so the dilution by the unlabeled 
milk may have been quite large. It, therefore, is considered 
that the labeled blood glucose may have been the precursor 
of most of the glucose of the newly synthesized lactose. 

It is seen in Table II that the greatest activity was in C-1 and 
C-3 of the blood glucose and that C-4 and C-6 contained about 
25 per cent less C%. This unsymmetrical distribution is very 
similar to that observed by Schambye and Wood (32) in rat 
liver glycogen. Schambye et al. (33) have proposed that the 
glycerol is converted to dihydroxyacetone phosphate and that 
the triose phosphate isomerase does not bring the glyceraldehyde 
phosphate into complete C™ “equilibration” with the dihydroxy- 
acetone phosphate. Therefore, carbons-4, -5, and -6 which are 
derived from glyceraldehyde phosphate have a lower activity 
than carbons-1, -2, and -3 which are derived from the dihydroxy- 
acetone phosphate. Rose (34) has offered a different explana- 
tion. He has found that aldolase catalyzes an exchange of 
glyceraldehyde phosphate and dihydroxyacetone phosphate 
with fructose diphosphate and the rate is most rapid with glyc- 
eraldehyde phosphate. He has suggested that this unequal 
exchange, rather than the lack of “equilibration” by triose 
phosphate isomerase may be the cause of the unsymmetrical 
distribution of C“ in the hexoses. It should be noted, however, 
that a rapid exchange of glyceraldehyde phosphate with fructose 
diphosphate would cause carbons-4, -5, and -6 to be lower than 
carbons-1, -2, and -3 only if the fructose diphosphate contained 
a higher activity than the triose phosphates. In the rat experi- 
ments the glycerol-C" was fed to fasted animals and it is proba- 
ble that glycogen was continually being laid down during the 
experiment. Thus the synthesized glucose units were continually 
being “buried” within the glycogen molecules. Therefore, it 
seems unlikely that the labeled glucose of the glycogen was 
subject to exchange at a time when the C" activity of the 
trioses had fallen to low values. Furthermore, when lactate- 
1-C“ was fed (32) the situation was reversed and carbon-4 had 
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the greatest activity in the glycogen. If the unsymmetrical 
distribution was caused by aldolase exchange it would be ex- 
pected that the asymmetry would be similar with either labeled 
glycerol or lactate. Therefore, it appears probable that an 
incomplete triose phosphate isomerase “equilibration” caused 
the preferential labeling of C-1 and C-3 in the glycogen (33) 
and in the blood glucose of Table II. 

Distribution of C'* in Glucose of Lactose—According to Fig. 2 
the glucose moiety of the lactose should be similar to that of 
the blood glucose. It is seen in Table II that the blood glucose 
and the glucose moiety on the noninjected side had alm=st 
exactly the same distribution (values in bold face type). In 
both sugars C-1 and C-3 had the greatest activity. These 
results provide strong evidence that blood glucose is the pre- 
cursor of the glucose moiety. 

The glucose on the injected side differed somewhat from the 
glucose on the noninjected side. On the injected side the glucose 
had a higher specific activity (46.7 compared to 36.0) and C-1, 
C-3, C-4, and C-6 had approximately equal activities. It is 
considered that the difference between the two sides may arise 
because of phosphatase activity in the udder. The galactose 
is considered to give an indication of the C“ activity of the hexose 
phosphate esters of the udder. On the injected side the hexose 
phosphates would have a high activity and therefore any glucose 
formed by the phosphatase would raise the C“ concentration of 
the free glucose. In addition, since the C“ in C-4 and C-6 
of the galactose on the injected side was very high, phosphatase 
activity would raise the specific activity of C-4 and C-6 and might 
bring C-4 and C-6 to equality with C-1 and C-3 in the glucose. 
A similar phosphatase activity on the noninjected side would 
not exert a significant influence on the distribution pattern 
since the C" activity of the galactose and presumably of the 
hexose phosphates was much lower on this side. Thus all the 
results appear to be in accord with the view that blood glucose 
is the major precursor of the glucose moieties. 

Distribution of C“ in Galactose of Lactose—It is seen in Table 
II that practically all the C™ in the lactose on the injected side 
was in the galactose (910 as compared to 46.7). This difference 
between glucose and galactose is in accord with the previous 
conclusion (1-3) that the glucose and galactose moieties of 
lactose arise from different precursors and that the galactose 
moiety probably arises from hexose phosphates in contrast to 
the glucose which may arise from free glucose. 

It was expected that most of the activity of the galactose would 
be in C-1 and C-3 if the triose phosphate isomerase reaction was 
slow; however, most of the activity was in C-4 and C-6. Wood 
et al. (23) have presented evidence that triose phosphate isom- 
erase is active in the udder and, therefore, even if glycerol 
entered the glycolytic reactions by way of the glyceraldehyde 
phosphate instead of dihydroxyacetone phosphate, the C™ 
would be randomized to give a symmetrical distribution in the 
hexose. One possible explanation is that the hexose phosphate 
became labeled unsymmetrically because of exchange of high 
activity glyceraldehyde phosphate with low activity hexose 
phosphate either by way of transaldolase (35, 36) or by way of 
aldolase (34). Srinivasan et al. (35) have considered the in- 
fluence of transaldolase exchange in relation to the C™ pattern 
of shikimic acid formed by Escherichia coli from labeled glucose. 
The transaldolase exchange is illustrated in Fig. 3. The glyc- 
eraldehyde phosphate becomes labeled by way of glycerol 
kinase and glycerophospbate dehydrogenase (A) and _ triose 
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phosphate isomerase (B). The C" is then introduced by way of 
the transaldolase exchange (C) directly into C-4, -5 and -6 of 
the fructose-6-phosphate. The fructose-6-phosphate is formed 
from the blood glucose by way of (J) and (G) and would have a 
low activity; thus C-4 and C-6 would acquire a relatively high 
activity compared to C-1 and C-3. An active transaldolase 
probably is present since the pentose cycle is believed to occur 
in the lactating udder (37-39). 

Since C-4, -5 and -6 of galactose may acquire C" activity by 
exchange, the C™ in C-1, -2 and -3 is a better indicator of the 
net synthesis from triose phosphates than is that of C-4, -5 and 
-6. The ywmolar specific activities of the galactose on the non- 
injected side and of the glucose moieties were almost identical 
in C-1, -2 and -3 (Table II). Since the glucose moieties are 
probably formed from blood glucose it appears from this com- 
parison that there was very little synthesis of the galactose 
from triose phosphates on this side. The principal difference 
between the galactose of the noninjected side and that of the 
glucose moieties was in C-4 and C-6. This difference presuma- 
bly occurred because triose phosphate C™ was formed from glyc- 
erol-1 ,3-C" on the noninjected side of the udder and it was 
introduced into the fructose-6-phosphate and galactose by ex- 
change as described above for the galactose of the injected side. 

The C" activity of C-1, -2 and -3 in the galactose of the in- 
jected side was higher (42.9, 25.2 and 36.4) than that of the other 
hexose moieties, but this probably does not indicate extensive 
synthesis de novo in the udder. The concentration of C™ in 
the triose phosphate was undoubtedly great on the injected side 
and therefore a large amount of C“ would be incorporated even 
if a minor part of the galactose originated from triose phosphates. 
The conclusion that most of the C™ was introduced into the ga- 
lactose by exchange and not by net synthesis is in accord with 
the finding of others (13, 29, 30) that blood glucose is the major 
source of the carbon for both the galactose and glucose of the 
lactose. 

It is to be noted that the difference between C-3 and C-4 
was less when the isolated udder was perfused with acetate-1-C™ 
or propionate-1-C™ (2) than it was when the labeled compound 
was injected in vivo in the pudic artery. It seems probable that 
the isotope distribution in the galactose is determined primarily 
by the relative rates of D, F, F, and G as compared to C in Fig. 3. 
In the perfusion experiments, milk production was much slower 











Fia. 3. Asymmetric labeling of galactose by an exchange 
through the transaldolase reaction, (see text for discussion). 
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than it was in the experiments in vivo and as a consequence the 
manifestation of the aldolase reaction (D) may have been brought 
into greater prominence. 

Assumption of “Equilibration” of Pools—It is important in 
evaluating the validity of the above discussion of mechanisms 
to note that it has been assumed that the pools of the inter- 
mediate compound have similar distribution patterns either 
because they are formed by similar mechanisms or because there 
is mixing of pools. This assumption may be incorrect. For 
example, Mills et al. (40) have shown with liver cells that the 
reaction 


UDP-glucose + pyrophosphate = glucose-1-phosphate + UTP 


occurs in the nuclei. It is possible that glucose enters the cell 
of the mammary gland and part passes into the nucleus and 
undergoes reactions while part remains in the cytoplasm of the 
cell. If transaldolase were very active in the nucleus the ex- 
change shown in C of Fig. 3 would occur and thus the UDP- 
glucose would be labeled asymmetrically. The UDP-glucose 
might then be converted to UDP-galactose, pass out of the 
nucleus, and combine with glucose-l-phosphate formed in the 
cytoplasm of the cell yielding lactose-l-phosphate in accord 
with the mechanism of Gander et al. (41). If the hexose phos- 
phates in the cytoplasm of the cell did not undergo rapid ex- 
change reactions and thus maintain a C™ pattern like that of 
the blood glucose, then the glucose and galactose portions of 
the lactose would have very different C™ patterns even though 
glucose-1-phosphate was a precursor of both moieties. The 
above discussion involving pools in the nucleus is used only for 
purposes of illustration; there is no direct evidence that the ga- 
lactose moiety is synthesized in the nucleus of the mammary cell. 
Newburgh and Cheldelin (42) have demonstrated the presence 
of pentose cycle enzymes in a fraction sedimented in 16 hours 
at 140,000 x g from liver cells but did not investigate the en- 
zymes of the nuclei. Careful consideration must be given also 
to the possibility of separate “nonmixed”’ pools in view of the 
evidence of Shaw and Stadie (43) that the hexose phosphate 
esters are not “equilibrated” in muscle of diaphragm. It is 
possible that the existence of separate pools is brought into focus 
in lactose because a hexose representative of each pool is present 
in a single molecule whereas in previous studies with glycogen 
the glucose units were from only a single pool. 


SUMMARY 


Glycerol-1,3-C™ (p1-glycerol-1-C™) has been injected uni- 
laterally into the pudiec artery of a cow and the milk of the in- 
jected and noninjected sides of the udder has been investigated 
separately. The lactose, glycerol of fat, volatile fatty acid of 
fat, and 8-carbon of serine of casein were labeled much more 
on the injected side of the udder than on the noninjected side. 
Thus it has been shown in the intact cow that the udder itself 
converts glycerol to all of these products. It is suggested, how- 
ever, that part of this incorporation may result from an exchange 
reaction and may not represent net synthesis. 

There was a distinct difference in the time sequence of specific 
activity changes of the lactose and serine as compared to the 
glycerol and fatty acid of the fat. The maximum specific 
activity of the fat was reached at a later time and the C™ activity 
was maintained longer in the fat. It is suggested that the fat 
may be secreted by a different process from that of the lactose 
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and casein and that the C relationships are a reflection of these 
secretory processes. 

The distribution of C" in the six carbons of the blood glucose 
and of the glucose and galactose moieties of the lactose has been 
compared. The distribution of the C in the blood glucose is 
very similar to that of the glucose moiety of the lactose and it 
appears that the carbon chain of the blood glucose is converted 
intact to the glucose moiety. It is suggested that the glucose 
moiety arises either from free glucose or from a hexose phosphate 
pool in which there is little randomization of the C™ in the 
carbon chain of the hexose phosphate. The galactose moiety 
on the injected side had a much greater activity than did the 
blood glucose and a completely different C™ distribution pat- 
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tern. It is suggested that the galactose moiety arises from hexose 
phosphate esters formed in the udder from glucose and other 
compounds, and that the C in the carbon chain undergoes 
considerable randomization. The C™ distribution does not 
agree with predictions from the glycolytic pathway; C-4 and C-6 
on the injected side contained 90 per cent of the C™ of the ga- 
lactose. It is proposed that these positions acquire high ac- 
tivity through a transaldolase exchange reaction. 
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Previous studies have indicated that blood glucose is the 
major precursor of both the glucose and galactose moieties of 
milk lactose. The C" distribution patterns of the two moieties 
differ, however, and it appears that the glucose and the galactose 
moieties arise from the different precursors (1-4). It also has 
been suggested that the unsymmetrical distribution of C found 
in the galactose moiety may be caused by reactions of the pentose 
cycle and by a slow triose isomerase reaction (1-3). An in- 
vestigation of these possibilities has been undertaken by uni- 
lateral injection of glucose-2,6-C™ and glucose-6-C™ into the 
pudic artery of a cow and by isolation and degradation of the 
glucose and galactose of the lactose, the glycerol of the neutral 
fat, and the serine of the casein. The results indicate that the 
pentose cycle does play a part in the labeling of the galactose, 
but the very marked asymmetry of the C™ apparently is not due 
to a deficiency of triose phosphate isomerase. 


EXPERIMENTAL 


The methods were the same as those described by Wood et al. 
(4). The labeled glucose was injected into a pudic artery and 
the milk was collected separately from the injected and non- 
injected sides of the udder at intervals. The details of the 
anesthesia, injection of labeled glucose, and collection of the 
milk are given in the ‘‘Addenda”’ section. 

The hexoses of the lactose, the glycerol tribenzoate from the 
neutral fat, and the serine of the casein were degraded. The 
glycerol tribenzoate was saponified by refluxing 0.404 gm. 
(1 mmole) with 10 ml. of 0.5 N alcoholic KOH for 2 hours. An 
equal volume of water was then added and the solution was 
evaporated to its original volume. This process was repeated 
twice to remove the alcohol. The solution was then acidified 
to Congo red, at which point the benzoic acid precipitated. The 
latter was removed by extracting three times with an equal 
volume of ether. The dissolved ether was removed from the 
aqueous phase on a steam bath, and then the solution was 
neutralized with 0.5 n NaOH with the use of brom thymol blue 
indicator. The glycerol then was degraded by dissimilation 


* This investigation has been supported by grants from the 
United States Atomic Energy Commission under Contract No. 
AT-(30-1)-1320 at Western Reserve University and Contract 
No. AT-(11-1)-67 at the University of Illinois. The C™ was 
obtained on allocation from the Atomic Energy Commission. 

t Present address, Department of Agricultural Chemistry, 
Michigan State University, East Lansing, Michigan. 





with Aerobacter aerogenes by means of the procedure of Rush 
et al. (5) as modified by Stjernholm and Wood (6). 

The serine was isolated as the p-hydroxyazobenzenesulfonate 
and degraded as described by Sakami (7). The casein was 
hydrolyzed with 6 n HCl, and the HCl was removed by distilla- 
tion. The hydrolyzate was treated with Amberlite IR-4B 
(Rohm and Haas) resin at pH 1 to remove most of the aspartic 
and glutamic acids, and was then placed on a Dowex 50 H* 
column and eluted with 1 N HCl. The fractions which contained 
serine were identified by paper chromatography. These frac- 
tions also contained threonine as well as some aspartic and 
glutamic acids. The latter acids were removed with Amberlite 
IR-4B resin, and then the amount of serine was determined (8). 
The p-hydroxyazobenzenesulfonic acid derivative of serine was 
made and after recrystallization, the decomposition point agreed 
with that of the known salt (206°). 

The average micromolar specific activities of the serine and 
glycerol were determined by burning the salt and tribenzoate, 
by determining the specific activity of the CO, and by multiply- 
ing this value by the number of carbons in the compound. 


RESULTS AND DISCUSSION 


The object of these experiments was to investigate the triose 
phosphate isomerase activity of the udder by determining the 
distribution of C™ in the glycerol and serine that arises from 
glucose-2 ,6-C". The milk from the injected side was to provide 
a measure of the metabolism of the udder itself, whereas that 
from the noninjected side was to serve as a control. It there- 
fore was essential that the labeled glycerol and serine be formed 
in the udder itself, otherwise the C™ distribution might reflect the 
triose phosphate isomerase activity of an organ other than that 
of the udder. 

Specific Activities of Glycerol, Serine, Fatty Acids, and Lactose 
of Milk from Injected and Noninjected Sides of Udder—The 
specific activities of the milk constituents are shown in Table I 
In Experiment II in which the venous blood from the udder 
was allowed to enter the general circulation, the C™ activities 
were greater on the injected side than on the noninjected side 
in all the constituents of the milk that were investigated, but 
the differences were not nearly as great as those observed in a 
similar experiment with glycerol-1,3-C™ (4). The difference 
between the experiments with C™-glucose and glycerol probably 
arises because the concentration of glucose in the blood is rela- 
tively high as compared to glycerol and because glucose is 
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TaBLe I 
Specific activity of milk constituents from injected and noninjected 
sides of udder after unilateral injection of glucose-2,6-C' 
into pudic artery 
In Experiment II the venous blood from the udder was allowed 
to enter the general circulation during the injection of glucose- 
2,6-C™; in Experiment VII the venous blood from the udder was 



































collected during and shortly after the injection. See the ‘‘Ad- 
denda”’ section for details of the experiment. 
| : Volatile fatty 
-C of Gl | of - 
ind Lactore | Soctseine | Geertot | Macias of 
ment | Time 
No. | | Non 
. | Non- In- | Nonin-| In- | Nonin-| In- | “.° 
| Injected inctea jected footed jected jected jected jected 
| hrs. c.p.m./pmole c.p.m./pmole c.p.m./pmole | ¢c.p.m./pmole 
Ii | 1.6; 279 | 186 8.57, 7.11) 1.60) 0.92 0.27| 
| 3.1) 623 | 491 | 37.3 | 28.7 | 15.5 | 9.75) 0.30) 
6.2} 392 | 388 | 21.8 | 21.2 | 48.2 | 43.0 | 0.99) 
| 18.6) 63.4) 60.0 4.61} 6.05) 34.0 | 32.3 | 0.66 
} | 
VIL | 1.6) 573 | 88.5) 25.2) 3.24) 4.94) 0.55) 0.11) 0.05 
| 3.1) 1046 | 248 | 41.9/ 11.4| 17.7] 3.27] 0.51) 0.19 
6.1) 463 | 204 | 21.6 | 10.6 | 51.4 | 19.7 1.80) 1.42 
/ 12.1 112 68.6, 9.62) 5.91) 55.6 | 23.6 | 2.33) 1.57 
| 18.1) 32.2, 25.1) 5.34) 2.72) 34.1 | 19.1 | 0.94 














extensively converted to milk products. The arteriovenous 
difference of blood glucose in the udder of the cow is approxi- 
mately 10 mg. (9). If the blood glucose were 50 mg. per 100 ml., 
then 80 per cent of the labeled glucose would pass into the general 
circulation. This labeled glucose would be available equally to 
each side of the udder. Kleiber ef al. (10) have found that when 
uniformly labeled glucose-C™ was administered by injection into 
the jugular vein of a cow, 70 per cent of the C was converted 
to organic milk constituents. Clearly, any glucose-2,6-C™ that 
passed into the general circulation would be used effectively 
for milk production and thus the noninjected side would acquire 
C" activity of the same general magnitude as the injected side. 
Glycerol may not be used as effectively for synthesis of milk, 
and thus any which passes into the general circulation may be 
used preferentially for purposes other than milk production. 
Since there was only a small difference between the injected 
and noninjected sides, it was doubtful whether Experiment II 
would serve as a reliable indicator of the triose phosphate 
isomerase reaction in the udder. The glycerol and serine might 
be formed in the liver and then be transported to the udder. 
The importance of this consideration is emphasized by the work 


Tasie II 
Comparison of formation of glycerol and serine in udder 
The values are from Experiment VII; lactose at 3.1 hours and 
glycerol ut 12.1 hours, Table I; serine at 3.1 hours, Table IV. 


The serine of the noninjected side contained 18 c.p.m. per umole 
at 3.1 hours. 
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of Barry (11) who concludes that 90 per cent or more of the 
amino acids of milk protein are derived from free amino acids 
from the blood. 

Experiment VII was therefore designed to prevent the entry 
of the glucose-2,6-C™ into the general circulation. This was 
done by ligating the right and left subcutaneous abdominal 
veins and the right and left pudic veins and collecting the venous 
blood from the udder through a cannula in the right subcutaneous 
abdominal vein during, and shortly after, the injection of 
glucose-2,6-C into the right pudic artery. Under these 
conditions the concentration of C™ in the serine, glycerol, 
volatile fatty acids, and lactose was much higher on the injected 
side than on the noninjected side. At 1.6 hours the values were 
9 times and 8 times greater for glycerol and serine on the injected 
side. Therefore most of the labeled serine and glycerol were 
formed in the udder itself and not in the liver. The difference 
between the injected and noninjected sides was not as great 
in the milk obtained at later times. 

The present experiment does not give a quantitative measure 
of how much of the products were formed from glucose carbon 
in the udder. However, Kleiber et al. (10) have calculated that 
80 per cent of the lactose is formed from blood glucose, and it 
therefore may be used as a standard for comparison with other 
compounds. In Table II, in order to make the values approxi- 
mately comparable, the specific activities have been expressed 
as the average counts per minute per ymole of carbon instead 
of per umole of compound. The excess activity of the injected 
side as compared to the noninjected side has been calculated to 
give an indication of the conversion that took place in the udder 
itself. The maximal observed specific activities have been used 
for each compound. It is seen that the excess C™ in the serine 
was 25 per cent of that of the lactose and in the glycerol, 17 
per cent. On this basis, since the lactose originates chiefly 
from glucose it might appear that this is the quantity of glycerol 
and serine that was formed directly in the udder. However, 
it will be shown in the later discussion that these calculations 
probably cannot be accepted completely at their apparent values, 
because there may be some introductions of C™ into these com- 
pounds by exchange reactions. Black et al. (12) have calculated 
that 25 per cent of the serine in casein is derived from plasma 
glucose. Their method does not distinguish the conversion 
which occurred in the udder itself from that in other organs. 
Moreover, Sheldon-Peters and Barry (13) have determined the 
arteriovenous difference for serine and have obtained evidence 
that a large portion of the serine of casein is absorbed from the 
blood. 

Relationship of Specific Activity to Process of Secretion—In Ex- 
periments II and VII the maximal activity of the lactose and 
serine on both the injected and noninjected sides was at 3.1 
hours, whereas that of the glycerol and fatty acid was between 
6 and 12 hours (Table I). A similar delayed and prolonged 
activity in the glycerol and fatty acid of the fat was observed 
with glycerol-1 ,3-C" (4). It has been proposed (14) (4) that the 
secretion of fat may differ from that of lactose and casein and 
that the times of the maximal specific activities are a reflection 
of the time required by the cells to complete the secretory cycles. 
It is to be noted that both the glycerol and fatty acids have 
similar time relationships. This would be expected since both 
involve the same secretory cycle. In this connection it is of 
interest that Dimant et al. (15), Petersen (16), and Peeters' 


1 Georges J. Peeters, personal communication. 
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Tasie III 
Distribution of C'* in glucose and galactose from lactose of milk from injected side after administering 
glucose-2 ,6-C™ * and glucose-6-C™ in pudic artery of cow* 
é ree ek é sek oath tll ing NO ect Dic Ad 
| Labeled Specific activity tt f 
Experiment No. carbons of Time Hexose | | Specific activity | C* of lactose | a area Cr in deazeds 
|  stucose | c1 | c2 | cs | c+] cs | C6 tion 
reine aac es | = | | % nye Sore %o 
| «2,6 3.1 | Glucose | 808 49.4 | 6.61 145.1) 2.12) 0.44, $.46\147.0 | 99 
| 4.5/100 | 1.5/0.6 | 2.4 [101 | 
Galactose 304 48.8 19.0 | 118.8) 12.6 res Be 17.4 120. 1 | 99 
16.1 | 100 | 10.5 wd 14.7 pes *| 
| 
Vil 2,6 3.1 | Glucose 617 49.5 2.54 232 1.64| 0.61 t.sgess 95 
| | 1.1) 100 | 0.7 | 0.3 | 0.8 \109 
| Galactose 616 49.2 19.8 | 289 | 24.2 | 5.71| 44.9 \214 | 106 
| | | 8.3 | 100 | 10.1 | 2.4 | 18.4) 90 | 
| | | SS 
V 6 3.3 Glucose | 77.4 56.9 73.48 
| Galactose 60.0 44.1 | 57.58) 








* See the ‘“‘Addenda”’ section for details of the experiments. 
{ Italic figures indicate counts per minute per umole. 
t Bold face is on basis of C-2 at 100. 


§ Degraded by periodate oxidation, and the formaldehyde was isolated as the dimedon derivative. 


found little conversion of labeled glucose to glycerol of fat in 
the isolated perfused udder. The discrepancy between the 
perfusion studies and the present investigation with the intact 
cow probably occurred because the perfusion experiments were 
not continued for a sufficient time or the isolated udder did not 
continue to function long enough to permit a significant secre- 
tion of the newly formed fat. Dimant et al. (15) allowed 3 
hours for perfusion experiments. At this time, in our experi- 
ments, the glycerol and fatty acid had only reached about 
one-third of the maximal specific activity. 

Distribution of C'* in Lactose—The distribution of C™ in the 
lactose from the milk at 3.1 hours from the injected side is 
presented in Table III. The specific activities in italics are 
counts per minute per ymole, and those in bold face are on the 
basis of C-2 activity being 100. The degradations appear to 
be reliable since there is a good recovery of the C™ of the lactose 
in the glucose and galactose and also of the C™ of each hexose 
in the degradations. It is to be noted in Experiment V that 
the lactose had a low activity, and it seems likely that the 
injected sugars may not have entered into the pudic artery. 
The fact that the labeled glucose may have entered into the 
general circulation rather than into the pudic artery was not of 
serious consequence for the present purposes, since the C"™ 
was not randomized. If it had been, it would have been neces- 
sary to determine whether the randomization occurred in the 
udder or elsewhere. 

Distribution of C in Glucose Moiety—The results of Table III 
will be discussed in terms of the reactions illustrated in ab- 
breviated form in Fig. 1. It is indicated in Fig. 1 that glucose 
(Reaction A) is a direct precursor of the glucose of lactose. In 
this case the C™ distribution ought to remain approximately 
the same as that of the administered glucose, since the unphos- 
phorylated glucose probably would not undergo metabolism and 
rearrangement in the udder. This was observed to be the case; 
the glucose of the lactose was labeled almost exclusively in the 
2 and 6 positions in Experiments II and VII and in position 6 


in Experiment V. The randomization was less in Experiment 
VII than in Experiment II, presumably because the glucose- 
2 ,6-C™ was confined in large part to the injected side of the udder 
and thereby escaped any changes that occur in other organs. 
The possibility remains that the glucose moiety is similar to 
the blood glucose, not because it arises from free glucose, but 
because it arises from a separate pool of hexose phosphate 
which is a precursor of the glucose but not of galactose. This 
possibility has been discussed previously (4). 

Distribution of C“ in Galactose Moiety—The galactose moiety 
probably arises (Reaction B) from hexose phosphate which is 
formed primarily from blood glucose (Reaction C) in the udder 
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Fig. 1. Mechanisms which may be involved in the randomiza- 
tion of C'* from glucose-2,6-C™ into the hexose monophosphates 
and into glycerol and serine. C*, C®, C@, CO, Ca, C4, Cl, and Co 
represent different dilutions of the C'. The fructose diphosphate 
would contain C™ in other positions, but in order to simplify the 
illustration this has not been indicated. 
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However, the carbon chain of the phosphate ester is subject 
to metabolism and rearrangement and thus the C' becomes 
randomized in the galactose moiety. In Experiments II and 
VII the galactose moieties contained a substantial amount of C¥ 
in C-1, C-3, and C-5, in addition to that in C-2 and C-6. How- 
ever, with glucose-6-C", Experiment V, there was little randomi- 
zation of the C™ in the galactose; 96 per cent of the C™ was in 
C-6. It, therefore, appears that most of the C“ in C-1, C-3, 
and C-5 of the galactose had its origin from the 2 position of 
the glucose-2 ,6-C'*. 

It is indicated in Fig. 1 that the metabolism of the udder gives 
rise to three types of labeled hexose monophosphates from 
glucose-2 ,6-C%. The randomization of C-2 of glucose and the 
nonrandomization of C-6 is accounted for on the basis of the 
reactions leading to these hexose monophosphates. 

Type 1 hexose monophosphate (C-C*-C-C-C-C*) is formed 
by means of hexokinase action on glucose-2 ,6-C' (Reaction C), 
and this type of label would predominate in the hexose mono- 
phosphate pools of the udder; therefore, the galactose would be 
labeled primarily in C-2 and C-6, as observed in Experiments 
II and VII. 

Type 2 hexose monophosphate (C®-C®-C°-C-C-C*) which 
arises from the pentose cycle (Reaction D) accounts for the 
activity in C-1 and C-3 of the galactose. The C™“ from the 
glucose-2-C™ is randomized to C-1 and C-3 in the cycle, but the 
C" from glucose-6-C™ remains in C-6 of the hexose monophos- 
phate. In Type 2 hexose monophosphate of Fig. 1, C®, C®, 
C°, and C* indicate different concentrations of C™ that result 
as a consequence of recycling. Wood and Katz (17) have 
calculated that the amount of recycling in the pentose cycle, 
and the amount of randomization of C are greatly reduced 
when a substantial part of the hexose phosphates is used for 
synthetic purposes such as lactose formation. When 7 times as 
much hexose phosphate is used for synthesis and glycolysis as 
for the complete pentose cycle, the theoretical distribution of 
C* in the hexose phosphate pool arising from glucose-2-C™ was 
calculated to be C-1, 20; C-2, 100; and C-3, 11. The observed 
values for the galactose of Experiment II were C-1, 16.1; C-2, 
100; and C-3, 10.5, and in Experiment VII they were C-1, 8.3; 
C-2, 100; and C-3, 10.1. It is noted by Wood and Katz (17) 
that there are numerous factors which influence the distribution 
of the C" in the hexose chain, and it is shown (17) that reversible 
transketolase-transaldolase reactions can move C-2 to C-3 in 
the hexose phosphates and thus C-3 could acquire more C' 
than C-1. Perhaps this may be the explanation of the labeling 
of C-3 which is higher than that of C-1 in the galactose of Experi- 
ment VII. It should be noted that the hexose phosphate pool 
considered by Wood and Katz (17) represents the composite 
mixture of Types 1 and 2 hexose monophosphates of Fig. 1. 
The calculations of these authors apply to steady state conditions 
which certainly were not met in the present experiments. How- 
ever, there is reason to believe that the pool of blood glucose 
remains largely 2- and 6-labeled, and in this respect the experi- 
ments do approach the conditions required for the calculations. 

Type 3 hexose monophosphate (C-C*-C-C-C4-C®) of Fig. 1 
accounts for the appearance of C in C-5 of the galactose of 
Experiments II and VII. It is proposed that this type of 
hexose monophosphate is formed by a transaldolase exchange? 


2 It is probable that some exchange also occurs by way of the 
aldolase exchange reaction as studied by Rose (18). However, an 
active aldolase is present in liver but extreme differences have 
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reaction (J of Fig. 1), (cf. (4) for a discussion and illustration), 
By this exchange of C-5 of galactose acquires activity from 
glucose-2-C™, but C-1 of galactose does not acquire C™“ from 
glucose-6-C". Fructose diphosphate is formed from the hexose 
monophosphate pool by phosphofructokinase (Z) and is then 
cleaved by aldolase (@). It will be shown that triose phosphate 
isomerase (H) is active in the udder, so the dihydroxyacetone 
phosphate and glyceraldehyde phosphate would “equilibrate.” 
The C" in the triose phosphates would be diluted by glyceralde- 
hyde phosphate arising from unlabeled substrates derived from 
the food by way of the Krebs cycle, and therefore the average 
C™ concentration in the triose phosphates has been indicated 
by C4 for C-2 and by C® for C-3, as shown in the glycerol and 
serine. 

It is apparent that the C™ in C-5 did not enter the hexose 
monophosphate from the triose phosphate pool by way of 
aldolase (G) and the fructose diphosphate phosphatase reactions 
(F). This route would yield a hexose monophosphate (C°-C4- 
C-C-C4-C®) in which the C“ from C-2 would be randomized 
into C-5 and C™ from C-6, into C-1. That this did not occur 
is shown by the results with glucose-6-C“%, Experiment V, in 
which 96 per cent of the C™ was in C-6 of the galactose, proving 
that there was very little randomization of C from C-6 to C-1. 

C-4 of the hexose monophosphate does not acquire C" directly 
from glucose-2 ,6-C™ by any of the pathways considered. There 
undoubtedly is further randomization of the C™ by reactions in 
the Krebs cycle which provides low activity to C-4 by the 
transaldolase exchange. 

It is indicated in Fig. 1 that the C-2 of glucose is randomized 
into a number of positions of the galactose, whereas C-6 of 
the glucose contributes almost exclusively to C-6 of the galactose. 
It might be expected therefore that the C-6 of the galactose 
would have a higher specific activity than does the C-2. How- 
ever, there probably is dilution of C-6 in the hexose phosphates 
by the transaldolase exchange reaction, with low activity glycer- 
aldehyde phosphate arising from unlabeled foodstuff by way of 
the Krebs cycle. Thus C-6 activity of the galactose may be 
lowered to a C™ concentration similar to that of C-2. 

Distribution of C™ in Glycerol of Neutral Fat and in Serine of 
Casein—The results from the degradation of the serine of the 
casein and of the glycerol of the neutral fat are shown in Table 
IV. The glycerol was degraded by oxidation to pyruvate with 
Aerobacter aerogenes (5) and the pyruvate was reduced to lactate 
with sodium borohydride. There is dilution of the C™ of the 
glycerol during this conversion, but it has been shown (6) that 
the C™ in the lactate is a reliable indication of the distribution 
of C™ in each carbon of the glycerol; the carboxy] of lactate 
corresponds to C-1 of the glycerol, whereas the methy] of lactate 
corresponds to C-3 of the glycerol. The last column of Table 
IV shows that the recovery of C™ in the glycerol degradations 
was satisfactory on the basis. of the lactate, and recovery was 
also satisfactory for serine based on the p-hydroxyazobenzene- 
sulfonate salt. 

It is generally considered that dihydroxyacetone phosphate is 
the precursor of L-glycerol phosphate (19) and that 1-glycerol 
phosphate is the precursor of the glycerol of fat (20). Glycer- 
aldehyde phosphate is the probable precursor of serine (21). 


not been observed between C-3 and C-4 of liver glycogen. Per- 
haps the lactating udder has a more active transaldolase than 
does the liver. At any rate, exchange by the aldolase reaction 
would not alter the conclusions. 
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Accordingly, if the triose phosphate isomerase reaction were 
slow, the glycerol should be labeled predominantly in C-2, and 
the serine of casein should be labeled in C-3 with glucose-2 ,6-C™ 
(Fig. 1). These results should be expected because C-2 of 
glucose gives rise to C-2 of dihydroxyacetone phosphate, and C-6 
of glucose, to C-3 of glyceraldehyde phosphate. The occurrence 
of the triose isomerase reaction would be indicated by the 
presence of C in C-3 of the glycerol and in C-2 of the serine 
since this reaction would randomize C" from C-3 of glyceralde- 
hyde phosphate into C-3 of the dihydroxyacetone phosphate, 
and from C-2 of dihydroxyacetone phosphate, into C-2 of 
glyceraldehyde phosphate. For the present purpose Experi- 
ment VII at 1.6 hours (Table IV) would be expected to give the 
most reliable information since most of the labeled material 
was apparently formed in the udder itself. The relative specific 
activities in bold face type are the most useful for comparison 
of the distribution patterns of Table IV since the micromolar 
specific activities in italics vary greatly from one experiment to 
another, partly because the amount of C"“ given by injection was 
not always the same. In addition the micromolar specific 
activities of the glycerol and serine differ greatly in a given 
sample of the milk because of the different rates of secretion of 
the fat and casein. 

Distribution of C4 in Glycerol—At 1.6 hours in Experiment VII 
the relative specific activities in the glycerol carbons were C-3, 
100; C-2, 76.0; and C-1, 12.1. The same type of distribution 
was observed in the glycerol in Experiment VII and in Experi- 
ment II at 3.1 hours, i.e. C-3 > C-2 > C-1. With glucose-6-C", 
Experiment V, the major activity was in C-3 (C-3, 100; C-2, 4.7; 
and C-1, 3.3). Since the principal contribution of glucose-6-C™ 
was to C-3 of glycerol, and of glucose-2 ,6-C™, to both C-3 and 
C-2, it is evident that both C-2 and C-6 of glucose were converted 
to glycerol. The most likely pathway for this dual conversion 
is by way of aldolase (G) and triose phosphate isomerase (H) 
reactions, Fig. 1. On this basis it seemed that there was an 
active triose phosphate isomerase in the udder. 

The experiments with glucose-2,6-C™ and glucose-6-C™ are 
not entirely comparable, because they were not conducted under 
the same conditions. It was partly in the hope of overcoming 
the variability between experiments that glucose-2- and -6-C" 
were used simultaneously. It seemed probable that if the triose 
isomerase were active and “equilibrated” the triose phosphate 
pools, the 2 and 6 positions of glucose would contribute equally 
to C-2 and C-3 of the glycerol and serine and that this equality 
would occur even though the glycerol and serine had different 
total activities after having undergone different dilutions in the 
glyceride and casein pools. If any difference occurred it was 
expected that C-2 of the glycerol would have a higher activity 
than C-3 because of a slow triose phosphate isomerase. How- 
ever, in all experiments with glucose-2 ,6-C™ it was found that 
the C™-activity of the glycerol C-3 exceeded that of C-2. One 
possible explanation of this distribution was that glucose-2-C™ 
was contributing not only to C-2 of glycerol but also to C-3. 
From glucose-2-C™ the pentose cycle yields hexose monophos- 
phate with C" in C-1 and C-3. Therefore, some C“ might enter 
C-3 of glycerol from glucose-2 ,6-C™, independently of the triose 
phosphate isomerase reaction. Since this series of reactions 
would label C-1 as well as C-3 of the glycerol, it was important 
to determine the C"“ content of all 3 carbons of the glycerol in 
order to evaluate the significance of this pathway. It is seen 
in Table IV that the relative specific activity of C-1 of glycerol 
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TaBie IV 
Distribution of C'* in serine of casein and glycerol of fat from milk 
of injected side after injection of labeled 
glucose in pudic artery of cow* 





| | 











| Re- 
cov- 
| Specific activitytt ery 
« \Labeled ? 
E ‘ I ag 
men wer Time ar ery cu 
| glucose | ——neemeeronemnne | igs 
ats eae 7 | ke SR LR aS 
VIL | 2,6 | 1.6 Serine | 39.0 | 25.2 t.4 | 1.41) 103 
(000 45.2 | 6.6 
Glycerol | 4.94 | 4.28 2.22! 1.69 | 0.27, 98 
100 «676.0 12.1 
| | | 
VII | 2,6 | 3.1) Serine | 65.8 41.9 \18.1 | 2.76) 95 
| | 100 43.2 | 6.6 
| Glycerol | 17.7 |14.8 | 8.21) 6.62 | 0.76) 99 
| 100 a 9.2 
| | 
II| 2,6 | 3.1 Serine | 49.6 | | 87.2 18.1 | 1.89 105 
100 35.2 | 3.7 
| Glycerol | 15.6 |14.2| 8.65) 4.34 | 0.90| 98 
100 50.0 10.0 
| } | 
V| 6 | 3.3) Serine | 16.3 | 15.0 | 0.98 | 0.23 102 
Lott 100 (6.6 = 1.5 
| | Glycerol | 4.75 | 4.26, 3.69 0.17 | 0.12, 93 
100 4.7 | 3.3 
VI| 1 | 6.0 Serine | 8.82 | | 7.17| 1.07 | 1.02, 105 
| | | (100 14.9 14.2 
VI) 1 3.5 Glycerol | 12.15 |10.92 9.88) 1.08§ 1.02 


| ‘100 11.5 11.2 
| 





* See the ‘“‘Addenda”’ section for details of the experiments. 
T Italic figures indicate counts per minute per umole. 

t Bold face is on basis of C-3 at 100. 

§ C-2 by periodate degradation. 


was only 12.1, 9.2, and 10.0 in Experiment VII and Experiment 
II. Thus it seems likely that most of the activity in C-3 of 
glycerol originated from C-6 of the glucose by way of the triose 
phosphate isomerase reaction. 

The fact that both the glycerol and serine from glucose-2 ,6-C™ 
had higher activities in C-3 than C-2 suggested the possibility 
that both compounds might be formed from the same precursor, 
glyceraldehyde phosphate. Their distributions might be alike 
for this reason and not entirely because of triose phosphate 
equilibration. This possibility also was considered since 
glycerol-1 ,3-C™ labeled the galactose to the highest degree in 
positions 4 and 6 instead of 1 and 3 (4). There are obstacles to 
this view, however, since glyceraldehyde phosphate has the 
p-configuration, and the glycerol phosphate used in fat synthesis 
has the L-configuration (20). Thus a direct reduction of the 
p-glyceraldehyde phosphate to glycerol phosphate would give 
the wrong configuration. 

The transaldolase exchange reaction provides an alternative 
explanation for the high activity in C-3 as compared to C-2. 
This exchange shifts the C-6 of the hexose monophosphates 
directly into C-3 of the glyceraldehyde phosphate. The glycer- 
aldehyde phosphate thus acquires C' by two pathways, ie., 
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by the aldolase reaction (G) and transaldolase exchange (J). 
The dihydroxyacetone phosphate on the other hand becomes 
labeled from C-2 of the hexose phosphates by only one direct 
pathway, the aldolase reaction. Furthermore, some of the C-2 
of glucose may contribute to C-3 of glycerol via the pentose 
cycle. Thus the combined triose phosphates would receive 
more C" in C-3 than in C-2, and in the presence of an active 
triose phosphate isomerase the glycerol would be labeled higher 
in C-3 and C-2. It is therefore possible by the transaldolase 
exchange to explain both the high labeling of C-3 of the glycerol 
with glucose-2,6-C and also the unsymmetrical labeling of 
galactose with glycerol-1 ,3-C" (4). 

Distribution of C'* in Serine—The distribution of C™ in the 
serine in Experiment VII at 1.6 hours was C-3, 100; C-2, 45.5; 
and C-1, 5.6, and it was quite similar at 3.1 hours in both Experi- 
ments VII and II. With glucose-6-C“ in Experiment V the 
activity was largely confined to C-3, i.e. C-3, 100; C-2, 6.5; and 
C-1, 1.5. Apparently the C™ of the glucose-6-C™ which was 
randomized in the symmetrical dicarboxylic acids of the Krebs 
cycle had a minor role in labeling the serine. If it played a 
major role, C-2 of the serine would have acquired considerable 
C™ from glucose-6-C"“, It therefore appears that C-2 of the 
serine acquired its activity from position 2 of the glucose-2 ,6-C™ 
by way of the triose phosphate isomerase activity in the udder. 
The explanation of the high activity in C-3 as compared to C-2 
is probably the same as that given for glycerol, i.e. direct transfer 
of C-6 of the hexose monophosphates to the triose phosphate 
by transaldolase exchange. 

Triose Phosphate Isomerase Activity—It is noted that the 
distribution patterns of the serine and glycerol were not identical. 
With glucose-2 ,6-C™ the C-2 of serine uniformly contained less 
C™ relative to C-3 than did the glycerol. (Experiment VII, 
1.6 hours, C-2 of serine, 45.2; C-2 of glycerol, 76.0). On this 
basis it might be concluded that there was incomplete ‘“‘equilibra- 
tion” of the triose phosphates by the triose phosphate isomerase. 
However, the secretory rates of glycerol and serine differ and it is 
probable that the glycerol and serine of a given milk sample 
represent compounds formed during different time intervals 
and thus represent different triose phosphate pools. It seems 
likely that serine and glycerol with the same micromolar specific 
activity might more nearly represent samples which were formed 
at the same time and from similar triose phosphate mixtures. 
Unfortunately, the present data do not provide information 
on the distribution patterns when the C™ activities of glycerol 
and serine were equal. 

Although this method of study of the triose phosphate isom- 
erase reaction leaves much to be desired, it does indicate that 
the reaction occurs in the udder and that a slow triose phosphate 
isomerase reaction does not provide an explanation of the almost 
complete asymmetry of C* which has been observed in galactose 
(3, 4). The present indirect method of study of the triose 
phosphate isomerase reaction was chosen rather than a direct 
assay of the enzyme in a tissue extract of the udder because it 
was considered that the results would be more meaningful. If 
triose phosphate isomerase were found in the tissue extracts it 
might have no relevance to the synthesis of lactose as such. The 
triose phosphate isomerase could be in certain types of cells or 
in certain subcellular components not involved in milk formation. 

Transaldolase Exchange and Calculations of Role of Pentose 
Cycle—It is of interest that Black et al. (22) have found that 
glucose-6-C™ administered intravenously to a cow labels alanine 
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and serine of casein and the glycerol of milk fat to a greater 
extent than does glucose-1-C’. These authors have estimated 
that one-half to two-thirds of the glucose was catabolized by 
way of the pentose cycle. It is assumed that triose phosphates 
are formed in the pentose cycle exclusively from carbons 4, 5, 
and 6 of the hexose, whereas in the Embden-Meyerhof pathway 
they are formed equally from each half of the hexose. Thus 
if the pentose cycle occurs, glucose-6-C™ would contribute more 
C™ to the triose phosphate pool than would glucose-1-C", 
Our investigations have emphasized the effect of the transaldolase 
exchange reaction on the distribution of C“. A question there- 
fore arises concerning the amount of C which was introduced 
into the glyceraldehyde phosphate pool by exchange as compared 
to that by net catabolism by way of the pentose cycle. Although 
there is little doubt that an active pentose cycle occurs in the 
lactating udder, it seems likely that the quantitative estimation 
of this cycle will be subject to large errors (23). Theoretically 
at least, transaldolase could introduce C-6 of hexose into glycer- 
aldehyde phosphate in the absence of any net pentose cycle. 

The same considerations apply to almost all the methods of 
estimating the role of the pentose cycle since the assumption is 
usually made that C-1 and C-6 of glucose are equivalent except 
in the pentose cycle. For example, Murphy and Muntz (24) 
state that their estimate of the pentose cycle in liver would be 
too high if the 6 position of glucose is oxidized by some mechanism 
to CO, in preference to the 1 position. Since the transaldolase 
exchange introduces C-6 but not C-1 into glyceraldehyde phos- 
phate it is evident that C-6 might be oxidized preferentially via 
the Krebs cycle. 

The above considerations also apply to our suggestion that 
there is net conversion of glucose to glycerol and serine in the 
udder, Table II. Here, too, C' might have been introduced 
into these compounds by way of the transaldolase exchange reac- 
tions. It is to be noted, however, that the only known direct 
route from C-2 of the hexose to C-2 of the triose phosphates is 
by way of the aldolase reaction (G). Rose (25) has proposed 
the following mechanism for the aldolase reaction: 


enzyme + fructose-1,6-P — enzyme (fructose-1,6-P) (1) 


enzyme(fructose-1 ,6-P) <2 enzyme(dihydroxyacetone-P) 
+ glyceraldehyde-P (2) 


enzyme (dihydroxyacetone-P) = enzyme 
+ dihydroxyacetone-P (3) 


It is evident that Reactions 1 and 2 would cause an exchange of 
carbons 4, 5 and 6 of fructose-1,6-phosphate with a glyceralde- 
hyde phosphate pool and that this exchange is comparable to 
that with transaldolase in that neither involves a complete con- 
version of the hexose phosphates to free dihydroxyacetone phos- 
phate. However, for dihydroxyacetone phosphate to be formed 
there must be a complete conversion of the fructose-1 ,6-phos- 
phate to the triose phosphates in Reaction 3. Therefore the 
conversion of the C™ of glucose-2-C™ to glycerol and serine is 
more likely to reflect a net conversion than does the conversion 
of C“ from glucose-6-C™. 


SUMMARY 

To test the hypothesis that triose phosphate isomerase is 
of low activity in the udder of the lactating cow, glucose-2 ,6-C™ 
was administered by injection into the arterial supply of one side 
of the udder. In order to limit the transformations to the udder 
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itself the blood from the venous return was isolated from the 
general circulation during and shortly after the injection. If 
triose phosphate isomerase were not active, glucose-2,6-C™ 
would give rise to dihydroxyacetone phosphate-2-C“ and 
glyceraldehyde phosphate-3-C™, yielding glycerol-2-C“ and 
serine-3-C', respectively. It was found that the glycerol and 
serine were both extensively labeled in C-2 and C-3 by glucose- 
2,6-C4%. When glucose-6-C" was used the C™ was largely 
confined to C-3 in each compound. It, therefore, appears that 
the C™ in the triose phosphates was “equilibrated” by the triose 
phosphate isomerase reaction and that a slow triose phosphate 

action is not the cause of asymmetric labeling which is observed 
in the galactose of lactose. 

The distribution of C™ in the glucose and galactose moieties 
of lactose was investigated. With glucose-2,6-C™ the glucose 
moiety was almost exclusively and equally labeled in C-2 and 
C-6. This finding is in accord with the proposal that glucose 
is a direct precursor of the glucose moiety. The galactose was 
labeled to the highest degree in C-2 and C-6 but also contained 
considerable activity in C-1, C-3, and C-5. With glucose-6- 
C“ both the glucose and galactose were almost exclusively 
labeled in C-6. Thus C-2 of glucose was randomized to C-1, 
C-3, and C-5 of galactose, but there was little randomization of 
C-6 of glucose. The pentose cycle is considered to be the 
mechanism whereby C-2 is randomized into C-1 and C-3. It 
is proposed that the C-5 labeling occurs by way of the aldolase 
and triose phosphate isomerase reactions, forming glyceralde- 
hyde-2 ,3-C“ phosphate which then exchanges by means of the 
transaldolase reaction with fructose-6-phosphate. By this 
sequence of reactions glucose-2-C" randomizes into C-5 of the 
galactose, but glucose-6-C™ does not randomize into the C-1 
position of galactose. All of the observed results are in accord 
with the suggestion that lactose is synthesized from glucose and 
uridine diphosphate-galactose; however, there are other possible 
explanations of the results. 

It was possible by comparison of the milk of the injected and 
the noninjected sides to show in the intact cow that the udder 
itself converts glucose to lactose, glycerol, fatty acids, and 
serine. It was observed that the maximal specific activity of 
the fat (glycerol and fatty acids) was reached at a later time 
and the activity was maintained longer than was that of the 
serine of casein and the lactose. It is suggested that the secre- 
tory process for fat differs from that for casein and lactose and 
that the changes in rates of specific activity are a reflection of 
the secretory processes. 
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Addenda—In Experiment I1 the Holstein cow weighed 770 kg. 
and produced approximately 22 1. of milk per day. At 2:06 
p.m., the epidural anesthesia was completed and 60 units of 
oxytocin were administered by injection into the jugular vein; 
2:15 p.m., the milking was completed and the yield was 5300 ml.; 
2:24 p.m., 108 mg. of glucose-2-C™ and 108 mg. of glucose-6-C™ 
(National Bureau of Standards), each containing 250 yc., were 
administered by injection in 10 ml. of saline in 1 minute in the 
left pudic artery. At 3:55 p.m., oxytocin was given by injec- 
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tion; 4:03 p.m., the yield was 535 ml. of milk from the left side, 
and 710 ml. from the right side (1.6 hours). The cow was 
then returned to the pen and given feed and water. At 5:38 
p.m., oxytocin was administered; 5:43 p.m., the yield was 391 
ml. of milk from the left side, and 579 ml. from the right side 
(3.1 hours); 8:35 p.m., oxytocin was given by injection; 8:43 
p.m., the yield was 850 ml. of milk from the left side, and 863 ml. 
from the right side (6.2 hours). At 9:00 a.m., no oxytocin; 
a yield of 1950 ml. of milk from the left side, and 1800 ml. from 
the right side was obtained. 

In Experiment V the Holstein cow had been used 38 days 
before in Experiment II (Table I), Experiment III, Wood et al. 
(4), and in Experiment IV.2 At 3:00 p.m., the cow was given 
epidural anesthesia; 4:00 p.m., the incision was made; 4:15 
p.m., oxytocin was administered; the yield was 9100 ml. of milk. 
At 4:30 p.m., 150 ye. of glucose-6-C™ were given by injection 
during 4 minutes. The injection apparently was not into the 
right pudic artery because the milk from the right and left 
sides had the same C concentration and the specific activity 
was low. At 6:18 p.m., oxytocin was administered; 6:22 p.m., 
the vield was 820 ml. of milk from the right side, and 495 ml. 
from the left side (1.8 hours). At 7:40 p.m., oxytocin was given; 
7:48 p.m., the yield was 530 ml. of milk from the right side, 
and 400 ml. from the left side (3.3 hours). At 10:35 p.m., oxy- 
tocin was given by injection; 10:43 p.m., the yield was 515 ml. of 
milk from the right side, and 510 ml. from the left side (6.2 hours). 

In Experiment VI the Holstein cow was the same as that 
described in Experiment V, and Experiment VI was 3 days after 
Experiment V. The cow was anesthetized epidurally and 240 
uc. of NaHCO, were injected in the left posterior aorta at 2.1 
hours before the injection of the glucose-1-C™. At 5:25 p.m., 
the cow was milked, and oxytocin was not administered; 5:35 
p.m., 150 we. of glucose-1-C™ in 12 ml. of isotonic saline were 
given by injection in 4 minutes. At 5:55 p.m., oxytocin was 
given and the cow was milked and the milk discarded. At 7:20 
p.m., oxytocin was given; 7:28 p.m., the yield was 500 ml. of 
milk from the left side, and 620 ml. from the right side (1.8 hours) ; 
9:00 p.m., oxytocin was given; 9:05 p.m., the yield was 320 ml. 
milk from the left side, and 320 ml. from the right side (3.5 hours). 
At 11:35 p.m. oxytocin was administered; 11:40 p.m., a yield of 
400 ml. of milk was obtained from the left side, and 480 ml. from 
the right side (6 hours). 

In Experiment VII the Holstein cow weighed 630 kg. and 
produced approximately 16 1. of milk per day. At 1:30 p.m., 
the cow was given an anesthetic. The injection was inadvertently 
in the spinal canal and paralyzed the rear legs. At 4:30 p.m., 
the cow recovered and was placed in a pen with feed and at 7:10 
p.m., the cow was anesthetized epidurally, and also local anes- 
thesia over the subcutaneous abdominal veins was effected. 
Ligatures were placed on left and right subcutaneous abdominal 
veins but not tied. At 8:25 p.m., the incision was made in the 
right flank. The right pudic vein was separated from the pudic 
artery, and a loose ligature was placed around the vein. A 
ligature was placed around the combined left pudic artery and 
vein. At 9:22 p.m., the right and left subcutaneous veins and 
right pudic veins were tied off. The ligature on the left pudic 
vein and artery was drawn tight enough to close the vein but 
not the artery. A 6-gauge hypodermic needle was inserted into 
the right subcutaneous abdominal vein posterior to the ligature, 
and blood was withdrawn under a vacuum produced by an AS. 


* Unpublished data. 
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Aloe aspirator. At 9:23 p.m., 75 mg. of glucose-2-C™ (250 yc.) 
and 71 mg. of glucose-6-C™ (250 ue.) (each from National Bureau 
of Standards) in 50 ml. of isotonic saline were administered by 
injection during 45 seconds. Blood was withdrawn for an addi- 
tional 3 minutes and 45 seconds. 2 gallons of blood were with- 
drawn during the 4.5 minutes. Heparinized blood was trans- 
fused simultaneously into the left jugular vein with the use of a 
Shikles syringe. 1 gallon of blood was transfused in 5 minutes 
and an additional 2 gallons were transfused more slowly, finishing 
at 9:55 p.m. At 9:27 p.m., 50 units of oxytocin were adminis- 
tered, and the yield was 4900 ml. of milk. At 9:35 p.m., 500 
ml. of blood were removed from the right jugular vein; 11:00 
p.m., oxytocin was given; the yield was 188 ml. of milk from the 
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right side and 400 ml. from the left side (1.6 hours). At 12:00 
p-m., the cow was returned to the pen and given feed and water. 
At 12:30 a.m., oxytocin was given; the yield was 75 ml. of milk 
from the right side and 110 ml. from the left side (3.1 hours); 
3:30 a.m., oxytocin was given; a yield of 112 ml. of milk was 
obtained from the right side, 124 ml. from the left side (6.1 
hours). At 9:30 a.m., oxytocin was administered; the yield 
was 288 ml. of milk from the right side, 385 ml. from the left side 
(12.1 hours) ; 3:20 p.m., no oxytocin was given; the yield was 750 
ml. of milk from the right side, 700 ml. from the left side. The 
milk yields were low in this experiment probably because of the 
accidental spinal anesthesia and also because of the trauma of 
the venous shunt and transfusion. 
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The Distribution of C* in the Hexose Phosphates 
and the Effect of Recycling in the Pentose Cycle 


HARLAND G. Woop ANb JosEPpH Katz 
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the Institute for Medical Research, Cedars of Lebanon Hospital, Los Angeles, California 


(Received for publication, June 26, 1958) 


The oxidation of glucose by the complete pentose cycle involves 
recycling of fructose-6-phosphate. It can be shown that if the 
complete cycle is the major pathway of carbohydrate metabo- 
lism, approximately 40 per cent of the hexose carbon is regener- 
ated as fructose-6-phosphate two or more times. This recycling 
leads to considerable randomization of the C“ in the hexose chain, 
and evaluation of the extent of this randomization is of impor- 
tance in interpreting C'-distribution patterns in tracer studies. 
Since the complete pentose cycle appears to occur in the lactating 
mammary gland, this problem arises in relation to the distribu- 
tion of C™ in lactose. Recycling was considered briefly in rela- 
tion to lactose-labeling by Wood et al. (1); however one of us 
(J. K.) noted that replacement of the hexose phosphate oxidized 
in the cycle was not considered in the previous formulation. 

The case in which glucose is metabolized entirely by a complete 
pentose cycle will be considered first. It will be assumed that 
the triose phosphate does not condense to hexose and reenter 
the cycle, that the pentose cycle occurs by the sequence of steps 
usually postulated (2, 3), and that there is no randomization of 
C™ by reversal of the transketolase and transaldolase reactions. 
There is some justification in not “reconverting” the triose 
phosphate to hexose phosphates, since triose phosphate is metab- 
olized by most tissues to glycerol, fatty acids, amino acids, and 
CO., and in addition its C™ is diluted by interconversion with 
other metabolites. Thus in many tissues, when labeled glucose 
is the substrate, a comparatively small portion of the C“ reaches 
the hexose phosphate from triose phosphates as compared to 
that arising from glucose. The over-all conversion (2, 3) which 
is to be considered is shown in Reaction 1. 


Distribution of C'* 


A B after 1 cycle, C-2 = 100 
1c 2C 2C 1 C 100 
2C 3C 3C 2C 0 
3C 2C 3C 3C 50 
34g 730Q0:+46 t+ go tac 4c 0 ™ 


5C 5C 5 C 5C §C 0 

6 C-P 6 C-P 6 C-P 6C-P 6C 0 
3 glucose-6-P — 3 CO. + glyceraldehyde-3-P + 2 fructose-6-P 
It is seen that two hexose phosphates (A and B) are formed, 
each with different labeling, and that the average concentration 
of C from glucose-2-C"™ after the first cycle is 100 at carbon-1 
and 50 at carbon-3 assuming C-2 of the glucose-2-C™ has a 
specific activity of 100. 

If the hexose monophosphate from the first cycle passed 
through the pentose cycle a second time, the C“ would undergo 
further randomization as shown in Reaction 2. The movement 
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of carbon from positions 1, 2, and 3 in Reaction 2 is similar to 
that in Reaction 1; thus C-3 moves to position 2 in one hexose 
phosphate and into positions 2 and 3 in the other. 


Distribution of C™* 


A B after 2 cycles 

C 100 Co C 0 1C 0 

Cc 0 100 C 50 C 50 2C 
-~c ® . CO C 50 3 C 25 
+ 3 (2) 
5c op Ft eo gotcotco aco 

Cc 0 C 0 C 0 C0 5C 0 

Cc 0 C 0 C 0 CoO 6C 0 


In a similar manner the randomization of C“ which will take 
place during the third, fourth, fifth, and subsequent cycles can 
be calculated and such values are shown under Column B of 
Table I. Similar values for glucose-3-C™ are shown in Table II. 

It is theoretically possible to estimate the average distribution 
of C™ in the hexose monophosphate of the pool at steady state 
from two values. The first has been considered in Columns B 
of Tables I and II and is the concentration of C™ in the hexose 
monophosphate species formed at zero, one, two, three, and 
subsequent cycles. The second value is the amount of each 
species of hexose monophosphate in the pool which has under- 
gone zero, one, two, three, and more cycles. 

These latter values are shown in Column A, Table I, and have 
been calculated on the following basis. At steady state, } of the 
hexose monophosphate of the pool would continually be con- 
verted to triose phosphate and CO, and would be replenished by 
phosphorylation of glucose. Therefore } of the hexose phosphate 
of the pool wil] have undergone zero cycles and j of it will have 
undergone one or more cycles. Thus } of the hexose phosphate 
is shown in Column A of Table I at zero cycles. When this 
amount passes through the pentose cycle, 3 of it will remain as 
fructose-6-phosphate, the remainder having been converted to 
triose phosphate and CO;. Thus 4 X # is the fraction of hexose 
monophosphate in the pool which has undergone one cycle. In 
the second cycle, 3 of the hexose monophosphate remaining from 
the first cycle will remain, te. 3 (} X 4) or ((3)? x 4). Inasim- 
ilar way ((3)* X 4) will remain after the third cycle. 

The contribution of C™ from each species of hexose mono- 
phosphate in the pool is shown under Columns C of Tables I and 
II for glucose-2-C™ and for glucose-3-C™ and was obtained by 
multiplying the concentration of C" in each species (Column A) 
by the amount of that species in the pool (Column B). The 
sum of these values gives the average concentration of C™ in 
the hexose phosphate pool at steady state. 

It has been assumed in these calculations that the inflowing 
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Distribution of C14 in hexose monophosphate pool at steady state when glucose-2-C"4 is recycled in pentose cycle and none is metabolized 
by other pathways 






































| Vengtion of besess ~~. pool | Concentration of C'* in —_ phosphate of indicated Contribution of C¥ from hexose phosphates of pool 
| 
7 ‘eee eee | 
ar | A B C (AX B) 
| | C1 | C2 C-3 C1 | C-2 | C-3 
0 0.333 | 0 100 5 ail 0 33.33 0 
1 (3) X 4 = 0.2222 100 0 | 50 22.22 0 11.11 
2 | (3)? X 4 = 0.1482 0 | 50 } 25 0 7.41 3.71 
3 | (3)* X } = 0.0988 50 | 25 | 37.5 4.94 2.47 3.71 
4 |)" X 4 = 0.0658 25 | 37.6 | 31.25 1.65 2.47 2.06 
5 | @)*xX4=0.089 | 37.5 | 31.25 | 34.38 1.65 1.37 | 1.51 
6 | G)*X 4 = 0.0293 | 31.25 | 34.38 | 32.82 0.92 1.01 | 0.96 
7 (3)? X 4 = 0.0198 34.38 | 32.82 33.6 0.68 0.65 | 0.66 
8 | (3)® X 4 = 0.0129 32.82 33.6 33.21 0.42 0.43 0.43 
9 | )*X 4 = 0.0086 33.6 | 933.21 | 38.41 0.29 0.29 | 0.29 
10 to « 0.0172 33.33 | 33.33 33.33 0.57 0.57 | 0.57 
Sum | 1.0 =| 33.3 | 50.0 | 25.0 
Distribution at steady state on basis of C-2 = 100 66.6 | 100 50 
TaBLeE II 


Distribution of C'4 in hexose monophosphate at steady state when glucose-3-C™ is recycled in pentose cycle and 
none is metabolized by other pathways 





Fraction of hexose | 



































| phosphate pool in Concentration of C in hexose phosphate of indicated cycle Contribution of C™ from hexose phosphates of pool 
| — indicated cycle 
No. of cycles Ans 
A B C (A X B) 
C-A | C2 c-3 CA C2 | C-3 
0 0.3333 0 | 0 100 0.0 | 0.0 33.33 
1 0.2222 0 100 50 0.0 22.22 11.11 
2 0.1482 100 | 50 75 14.82 | 7.41 | 11.12 
3 0.0988 50 | 75 62.5 | 4.94 | 7.41 6.18 
4 0.0658 75 62.5 68.75 4.94 | 4.11 4.52 
5 0.0439 62.5 68.75 65.63 2.74 3.02 2.88 
6 0.0293 68.75 65.63 67.19 2.02 1.92 1.97 
7 | 0.0198 65.63 67.19 66.41 1.31 | 1.33 1.31 
8 0.0129 67.19 | 66.41 66.80 | 0.87 0.86 | 0.86 
9 0.0086 66.41 66.80 66.61 0.57 | 0.58 0.57 
10 to 0.0172 66.66 66.66 66.66 | 1.12 | 1.12 1.12 
Sum | 1.0 | 33.8 | 50 Dae 
Distribution at steady state on basis of C-3 = 100 | 44.3 | 66.6 100 








glucose is labeled in one position and has a specific activity of 100 
and that the influx of glucose is just sufficient to replace the glu- 
cose-6-phosphate which is oxidized to CO. and triose phosphate 
in the cycle. If in addition there also was passage of glucose 
through the pool for synthesis of glycogen, lactose, hexose amines, 
glucuronides, or other compounds, then both the outflow and 
replacement of hexose monophosphate would be greater, and the 
distribution pattern of the C'* would be modified. Fig. 1 pre- 
sents an example in which 8 out of 10 of the glucose-6-phosphate 
molecules are being continually replaced in the pool. Thus 0.8 
of the hexose monophosphate pool is shown in Column A of 
Table III to have undergone no cycling whereas 0.2 of the pool 








is regenerated via the pentose cycle. ‘Therefore at the end of the 
first cycle 0.2 of the newly introduced glucose-6-phosphate or 
(0.2 x 0.8) will be regenerated. At the end of the second cycle, 
0.2 of that hexose phosphate remaining from the first cycle will 
be left in the pool, i.e. 0.2(0.2 x 0.8) or (0.2)? x 0.8. Ina 
similar manner the hexose phosphate remaining after three, four, 
and subsequent cycles has been calculated and is shown in 
Column A of Table III. It can be seen that under these condi- 


tions 99 per cent of the hexose phosphate passes out of the pool 

without experiencing three cycles, therefore, only 1 per cent of 

the C of the glucose is randomized by three or more cycles. 
Table IV contains a summary of the C" distribution patterns of 
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(GLYCOLYSIS, ETC.) 
7 G-6-P 


8 GLUCOSE —+10 G-6-P. 


3 G-6-P 
PENTOSE CYCLE 


TRIOSE-P 
3 CO, 


2 F-6-P 


Fie. 1. Metabolism by divergent pathways through a pool of 
hexose monophosphate; 12.5 per cent to triose phosphate and CO2 
via the pentose cycle. G-6-P, glucose-6-phosphate; F-6-P, fruc- 
tose-6-phosphate; triose-P, glyceraldehyde-3-phosphate. 


the hexose phosphate pool when the glucose is metabolized either 
completely by the pentose cycle or partially by this pathway 
and partially by other pathways involving the hexose phosphate 
pool. It is seen that when the metabolism by other pathways 
increases, there is less randomization and consequently more of 
the C™ is retained in the original labeled position. It is noted 
that the ratios of activities of all three positions vary as the pro- 
portion of the hexose phosphate utilized via the pentose cycle is 
decreased. 

In an organ such as the liver, where carbohydrate metabolism 
is directed toward glucose and glycogen formation, the ran- 
domization of C'* would be small even though there were re- 
cycling through the pentose cycle. Thus it is possible to bring 
into accord the fact that the C™ patterns of the liver glycogen 


H.G. Wood and J. Katz 
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(4) provide very little indication of a pentose cycle whereas CO, 
formation by the liver from glucose-1-C™ and glucose-6-C"“ 
indicates extensive metabolism by the cycle (5). This situation 
would arise if only a small part of the total hexose phosphate 
turned over in the liver was oxidized to CO, but of that ox- 
idized a relatively large part occurred by the cycle. 

The calculated values of Table IV may provide some index of 
the extent of metabolism via the pentose cycle as compared to 
that occurring by other pathways, but it is doubtful whether an 
exact estimation of the quantitative role of the pentose cycle can 
be made from these data. For example, the hexose monophos- 
phate pool may not be in a steady state, or there may be re- 
synthesis of hexose phosphate from triose phosphate. Or, 
further, the pentose cycle may involve a different sequence of 
reactions (6) from the one assumed or be incomplete and thus 
not lead to resynthesis of hexose monophosphates, or the hexose 
phosphate pools may not “equilibrate” or there may be reversible 
exchange of C“ by transaldolase, transketolase or aldolase 
reactions. 

Fig. 2 is presented to illustrate the possibility that randomiza- 
tion of C™ in the hexose monophosphate pools may occur by 
pathways that do not involve the complete pentose cycle. 
Randomization by transaldolase exchange has been considered 
by Wood et al. (7), but this exchange involves only carbons 4, 5, 
and 6 of the hexose phosphates. However, Fig. 2 shows that 
carbons-1, -2, and -3 would be randomized by the exchange cata- 
lyzed by reversible transaldolase-transketolase reactions together 





TABLE III 


Distribution of C'4 in hexose monophosphate pool at steady state when glucose-2-C'4 is recycled in pentose cycle but 87.5 per cent of hezose 
monophosphate is metabolized by other pathways 
































we pool | Concentration of C™ in co phosphate of indicated Contribution of C™ from hexose phosphates of pool 
| 
. ’ iene ao ee 
No. of cycles A | B C (AX B) 
| C-1 C-2 C-3 C-1 C-2 C-3 
| }— | aeons Mareen 
0 0.8 0 100 0 0 | 80.0 0.0 
1 (0.2) X0.8=0.16 | 100 0 50 | 16.0 0.0 8.0 
2 (0.2)? X 0.8 = 0.032 0 50 25 0.0 1.6 0.8 
3 (0.2)3 KX 0.8 = 0.0064 | 50 25 37.5 0.32 0.16 0.25 
4 (0.2) X 0.8 = 0.0013 25 37.5 31.3 0.03 0.05 0.04 
Sum 0.9997 16.4 82 9.1 
ee -. a | | 
Distribution at steady state on basis of C-2 = 100 20 100 11 
TaBLE IV 


Distribution of C'4 in hexose monophosphate pool when glucose-2-C" or glucose-3-C™ is metabolized by complete 
pentose cycle and by other pathways involving this pool 
























































Pathway Glucose-2-C™ Glucose-3-C'™ 
Distribution Ratio Distribution Ratio 
Pentose Other 
cycle pathways 
ci | C2 c3 | crcs | C2/c41 | C27/C3 c1 | ca C-2 | cxc1 | csc2 | C21 
all 0 67 | 100 50 1.32 1.5 2.0 44 | 67 100 | 2.3 1.5 1.5 
1 1 50. 6|~=«(100 33 1.50 2.0 3.0 | 25 | 49 100 4.0 | 2.0 2.0 
1 3 | 33 | 100 | 20 1.63 3.0 5.0 | 1 | 32 | 100 91 | 3.1 2.9 
1 7 | 20 | 100 ll 1.82 5.0 9.0 4 20 100 | 25.0 5.0 5.0 
1 17 | = | 100 5.3 1.89 10.0 18.9 | 1 10 100 100.0 | 10.0 10.0 
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Fig. 2. Randomization of C'* of fructose-6-phosphate by re- 
versible transketolase (TK), transaldolase (TA), ribulose isomer- 
ase (IS), and xylulose epimerase (EP). 


with pentose isomerase and epimerase reactions. In Fig. 2, 
synthesis of three pentoses, X, Y, and Z, from a triose phosphate 
and two fructose-6-phosphates, J and JJ, occurs by Reactions 3 
and 4. Then by the reversal of Reactions 3 and 4, fructose-6- 
phosphates, J77 and IV, are resynthesized from these pentoses. 
It is seen that in this series of reversible reactions C-1 is moved to 
position 3 in fructose-6-phosphate IJ7, and C-2 is moved to 
position 3, and C-3, to positions 1 and 2 in the fructose-6-phos- 
phate IV. In addition to the illustrated conversion, pentoses 
Y and Z might also react in the reversal of Reaction 4 and then 


TaBLE V 
Types of fructose 6-phosphate formed by equilibration through 
transketolase, transaldolase, zylulose phosphate epimerase, and 
ribulose phosphate isomerase* 





Distribution of carbons in fructose-6-P 
Position of 
fructose-6-P 





Iandtt | HI IV Vv vi | ova 








1 C-1 C-1 C-3 C-3 C-1 C-3 
2 C-2 C-2 C-3 C-3 C-2 C-3 
3 C-3 | C-1 C-2 C-1 C-2 C-3 








* See Fig. 2 for types J, IJ, IIIT, and IV and the text concerning 
types V, VI, and VII. 
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pentose X, in the reversal of Reaction 3 thus leading to two other 
types of labeled fructose-6-phosphate, namely, V and VJ. Also 
pentose Y might react with another pentose Y by reversal of 
Reaction 4 and yield fructose-6-phosphate VIZ. From these 
combinations there would be 6 types of labeled fructose-6-phos- 
phates as shown in Table V. If the complete pentose cycle 
occurred additional distribution patterns would become possible. 
23 4 5 6 

The pentose (C—C—-C—C—C—P) arising from the oxidative 
decarboxylation of the glucose-6-phosphate would be introduced 
into the pentose pool and might undergo the exchange reactions 
of Fig. 2, and in addition there would be randomization of the 
C* of the hexose phosphates by recycling. 

With the exception of the labeling of lactose (7, 8) by mammary 
gland and of shikimic acid by EL. coli (9) there has been no clear 
indication that exchange catalyzed by transketolase and trans- 
aldolase is a major or predominant reaction. Gibbs and Kandler 
(10) have observed in short term photosynthesis that the label- 
ing in the hexose at position 3 is lower than in 4, and in positions 
1 and 2 it is higher than in 5 and 6. It is conceivable that this 
labeling may result in part from exchange such as is shown in 
Fig. 2. The failure to observe such randomization in past stud- 
ies may have occurred in part because glycogen has been most 
frequently investigated, and its hexose units may arise from a 
pool of hexose phosphate esters which are not subject to ex- 
tensive action by these enzymes. 

The problem of isotope patterns becomes further complicated, 
if glyceraldehyde phosphate and dihydroxyacetone phosphate are 
formed and “equilibrate” and then recombine to form hexose 
phosphates which enter the reactions of the pentose cycle. It 
thus is clear that circumstances may arise which make the in- 
terpretation of C™ tracer patterns very difficult both in terms of 
mechanisms or in terms of the quantitative role of the pentose 
cycle in metabolism. 


SUMMARY 


The complete pentose cycle involves recycling of hexose mono 
phosphates, and as a consequence there is randomization of the 
C* from positions 1, 2, or 3 of labeled glucose. The amount of 
recycling is dependent upon the proportion of the glucose that is 
metabolized by the pentose cycle. If all of the glucose is 
metabolized by a complete pentose cycle, approximately 30 per 
cent will be recycled three times or more; if only 12 per cent of 
the hexose monophosphate is metabolized by the cycle, then 
only 1 per cent will be recycled three times or more. The ratio 
of C" in positions 1, 2, and 3 of the hexose phosphate of the pool 
will differ widely under these conditions and the difference is of 
significance in interpreting tracer studies. There may be ad- 
ditional randomization of the C™ by reversible transaldolase- 
transketolase reactions. 
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Phosphorolytic Cleavage of Fructose-6-phosphate 
by Fructose-6-phosphate Phosphoketolase 


from Acetobacter xylinum* 


MIcHAEL ScHRAMM,t V. Kiypas, AND E. RAcKER 


From the Division of Nutrition and Physiology, The Public Health Research Institute 
of The City of New York, Inc., New York, New York 


(Received for publication, July 25, 1958) 


The synthesis of cellulose by washed suspensions of Aceto- 
bacter xylinum proceeds in the presence of iodoacetate at con- 
centrations which completely inhibit the oxidation of glycer- 
aldehyde-3-phosphate (1). Since glucose was the only carbon 
compound added, the possibility was considered that the energy 
required for the biosynthetic process may be derived from reac- 
tions linked to the pentose phosphate cycle which was shown 
to be operative in A. zylinum (2). An exploration of energy- 
yielding processes in extracts of A. zylinum revealed the presence 
of an enzyme which catalyzes the reaction shown in Equation 1. 


Fructose-6-phosphate + inorganic phosphate — 
acetyl phosphate + erythrose-4-phosphate + H,O (1) 


The formation of acetyl-P! from fructose-6-P was not inhib- 
ited by iodoacetate (3 x 10-* m) and proceeded anaerobically. 
Crude extracts of A. xylinum were found to contain acetokinase 
which catalyzes ATP formation from acetyl-P and ADP. 

Lactobacillus plantarum grown on pentose was shown to con- 
tain an induced enzyme which cleaved xylulose-5-P to glycer- 
aldehyde-3-P and acetyl-P (3). Fructose-6-P was not cleaved. 
Although the partially purified enzyme preparation from A. 
zylinum cleaved xylulose-5-P as well as fructose-6-P, it will be 
referred to as fructose-6-P phosphoketolase to differentiate it 
from the L. plantarum enzyme. 

It is the purpose of the present communication to describe 
the preparation and properties of fructose-6-P phosphoketolase. 
A preliminary note on this work has appeared (4). 


EXPERIMENTAL 


Materials—Acetyl-P-1-C was prepared by incubation of 
acetate-1-C™ and acetyl-P with a preparation of dried Clostrid- 
ium kluyveri. The product was isolated as the lithium salt 
by fractional precipitation with ethanol (5).? 

Erythrose-4-P, dihydroxyacetone phosphate, and glycol- 
aldehyde phosphate were kindly donated by Dr. C. E. Ballou. 


* This work was supported by Grant No. C-3463 from the Na- 
tional Institutes of Health, the United States Public Health 
Service, Bethesda, Maryland. 

+ Permanent address, Hebrew University-Hadassah Medical 
School, Jerusalem, Israel. 

1The abbreviations used are: acetyl-P, acetyl phosphate; P,, 
inorganic phosphate; and thiamine-PP, thiamine pyrophosphate. 

2 E. R. Stadtman, personal communication. 


Sedoheptulose-7-P, isomerase product of ribose-5-P, xylulose-5-P, 
and ribulose-5-P were prepared as described previously (6, 7). 
p-Xylulose was prepared from 2 ,3-monoacetone-p-xylulofuranose 
kindly donated by Dr. R. M. Hochster. Alumina A-301 was 
obtained from the Aluminum Company of America. Lithium 
acetyl-P was a product of Schwarz Laboratories, Inc., Mount 
Vernon, New York. The enzymes used in the course of this 
study were prepared in this laboratory (7). 

Analytical Methods—Glyceraldehyde-3-P was assayed spectro- 
photometrically with glyceraldehyde-3-P dehydrogenase or with 
a mixture of a-glycerophosphate dehydrogenase and glyceralde- 
hyde-3-P isomerase (8). Erythrose-4-P was determined en- 
zymatically according to Cooper et al. (9) and colorimetrically 
according to Dische and Dische (10). Fructose-6-P was deter- 
mined with a mixture of glucose-6-P dehydrogenase and phospho- 
hexoisomerase. The assay of acetate with acetokinase was car- 
ried out according to Rose et al. (11). For the determination of 
Pj, the methods of Fiske and SubbaRow (12) and of Lowry and 
Lopez (13) were used. Acetyl-P was measured as hydroxamic 
acid according to the method of Lipmann and Tuttle (14) but 
the volume of sample and reagents was scaled down to a final 
volume of 2 ml. 

Measurement of pH on Samples of 0.1 ml.—Measurements 
were performed with a Beckman pH meter. The sample was 
delivered into a 5-ml. beaker filled with paraffin wax which had 
two holes fitting the electrodes. The two holes were connected 
by a small groove. 

Cultivation and Harvest of Bacteria—A celluloseless mutant of 
A. zylinum was obtained as described earlier (15). The mutant 
was used for this work because of its relatively abundant growth 
in shake cultures. The growth medium, prepared with de- 
mineralized water, contained Bacto-peptone (Difco) 0.5 per 
cent; yeast extract (Difco), 0.5 per cent; potassium dihydrogen 
phosphate, 0.1 per cent; and glucose, 2 per cent. The medium 
was adjusted to pH 5.5 with HCl. The microorganisms were 
grown at 30° for 24 hours with continuous shaking at the rate 
of 64 oscillations per minute. For growth on a larger scale, 5 1. 
of medium in a 25-l. bottle were inoculated with 500 ml. of a 
48-hour culture and incubated with shaking for 18 hours. The 
cultures were centrifuged in the cold and washed twice with 
distilled water. The yield was 100 to 150 mg., dry weight, 
of bacteria per 1. The washed bacteria could be stored at —20° 
for several weeks. A culture of 2001. was grown under vigorous 
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aeration at the Lederle Laboratories. Extracts prepared from 
bacteria of this culture had a somewhat lower specific activity 
than extracts from bacteria grown in shake cultures had. 

Preparation of Bacterial Extract—All operations were carried 
out at 1-3°. In the earlier work, disruption of bacteria was 
achieved by the Nossal shaker (16). For this purpose the bac- 
teria were suspended in 0.07 histidine buffer, pH 6.5, contain- 
ing 0.3 per cent KCl. For large scale preparations, grinding 
of bacteria with alumina was found to be more convenient. 
20 gm. (wet weight) of bacteria and 30 gm. of Alumina A-301 
were ground in a chilled mortar for 10 minutes. To the gummy 
paste were added 48 ml. of 0.07 m histidine buffer, pH 6.5, in 
0.3 per cent KCl. After being stirred for 10 minutes, the mix- 
ture was centrifuged for 20 minutes at 13,000 x g. The super- 
natant solution was decanted, and the precipitate was re- 
extracted twice with 20 ml. of the histidine-KCl solution and 
centrifuged as before. The supernatant solutions were com- 
bined and served as the crude extract for isolation of fructose-6-P 
phosphoketolase. 

Assay of Enzyme Activity—The amount of acetyl-P formed 
from fructose-6-P was determined as hydroxamic acid. The 
reaction mixture, in a final volume of 0.5 ml., contained: 30 
umoles of histidine buffer, pH 6.0; 6 umoles of fructose-6-P; 6 
umoles of Pi; 10 wmoles of NaF; 3 wmoles of iodoacetate; and 
enzyme. The mixture was incubated for 30 minutes at 30° 
The enzymatic reaction was stopped by the addition of the 
hydroxylamine reagent which completely inhibits the enzyme 
at this concentration and serves for the conversion of acetyl-P 
to hydroxamic acid. NaF and iodoacetate were omitted in 
the assay of partially purified enzyme preparations which did 
not contain enzymes catalyzing side reactions. A unit of en- 
zyme is defined as the amount of enzyme that catalyzes the 
formation of 1 umole of acetyl-P per minute. 


Purification of Fructose-6-P Phosphoketolase 


Operations were carried out at 1-3° unless otherwise stated. 

MnCl, Treatment—A solution of 1 m MnCh, pH 6.0, was 
added to the crude extract to give a final concentration of 0.1 M, 
After standing at room temperature for 10 minutes the turbid 
extract was centrifuged for 15 minutes at 13,000 x g. The 
supernatant solution was dialyzed overnight against 30 volumes 
of distilled water. The dialyzed extract was centrifuged for 
i5 minutes at 13,000 x g and the precipitate was discarded. 

pH Fractionation—Controlled acidification of the extract 
was achieved by gradual addition of 0.1 Nn HCl with efficient 
mixing. The pH was measured at room temperature on an 
undiluted sample of 0.1 ml. which was then discarded. Pre- 
cipitates formed successively at pH 5.2 and 4.6 were removed by 
centrifugation for 15 minutes at 13,000 x g. The supernatant 
solution at pH 4.6 was rapidly adjusted to about pH 6.2 with 
0.1 n NaOH. The precipitates were suspended in water, in 
10 per cent of the volume of the original extract, and the pH 


3 We should like to express our appreciation to Dr. H. P. Bro- 
quist of the Lederle Laboratories Division, American Cyanamid 
Company, Pearl River, New York, for supplying us with a large 
batch of Acetobacter xylinum. 
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was adjusted to about 6.2 to bring the protein into solution. 
The three fractions thus obtained were assayed for total and 
specific activity. Most of the activity usually remained in the 
supernatant solution. With some preparations a large portion 
of the activity was precipitated, in which case the ammonium 
sulfate step, which is necessary only for concentrating the protein 
from the dilute supernatant fraction, was omitted. 

Concentration by Ammonium Sulfate—To the supernatant 
fraction obtained at pH 4.6, 60.3 gm. of ammonium sulfate 
were added per 100 ml. of protein solution. The pH was main- 
tained at 7.0 by the addition of N ammonia. After standing 
for 15 minutes the precipitate was collected by centrifugation 
for 15 minutes at 13,000 x g, dissolved in a minimal volume of 
distilled water, and dialyzed with stirring against 4 1. of distilled 
water for 2 hours. 

Protamine Sulfate—1.1 mg. of protamine sulfate of a freshly 
prepared 1 per cent solution, pH 6.0, was added per 10 mg. of 
protein. After standing for 15 minutes in ice, the precipitate 
was removed by centrifugation and discarded. 

Fractionation with Cy —This step was carried out at room tem- 
perature. The supernatant solution was diluted to a protein 
concentration of 10 to 15 mg. per ml. For each 10 mg. of pro- 
tein, 0.44 ml. of Cy (11.5 mg. per ml.) was added, and the sus- 
pension was mixed and centrifuged. The precipitate which 
contained the activity was washed with distilled water (1 ml./10 
mg. Cy). The enzyme was eluted with 4 ml. of 0.01 m phos- 
phate buffer (Nat, K+), pH 7.5, for each 10 mg. of gel. The 
elution was repeated with 2 ml. of buffer per 10 mg. of gel and 
the eluates were combined. 

Ammonium Sulfate Fractionation—25.8 gm. of ammonium 
sulfate were added gradually per 100 ml. of solution. The pH 
was maintained at 7.0 by addition of 1 N ammonia. The pre- 
cipitate was collected by centrifugation for 15 minutes at 
13,000 x g, dissolved in a minimal volume of distilled water, 
and dialyzed with stirring for 3 hours against 4 1. of distilled 
water. Histidine buffer, pH 6.0, was added to the dialyzed 
enzyme to a final concentration of 5 xX 10-°m. The purified 
preparation was frozen when not in use. The stability of the 
enzyme varied with the preparation. Some preparations were 
stable for at least 1 month, whereas others lost 70 per cent of 
their activity in 2 weeks. 

A summary of the purification and recovery of enzyme is given 
in Table I. 


TABLE | 
Purification of fructose-6-P phosphoketolase 




















Fraction Total | Srgcifc | Yield 
units/mg. % 

Crude extract from 4 gm. bacteria....| 26.7 0.013 | 100 
After MnCl, treatment and dialysis. .| 23.7 0.030 89 
After pH fractionation............... 14.7 0.074 55 
First ammonium sulfate precipitate...| 10.0 | 0.074 38 
I cri cca rat ceie-ea inks ace diaosa 6.1 | 0.150 23 
Second ammonium sulfate precipitate.| 5.3 | 0.267 20 
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RESULTS 


Stoichiometry —A balance sheet of the reaction is given in Table 
IJ. According to these figures, the reaction may be formulated 
as a phosphorolytic cleavage of fructose-6-P to acetyl-P and 
erythrose-4-P. The small extent of reaction in the absence of 
added P; was probably attributable to traces of phosphatase in 
the enzyme preparation. The amount of erythrose-4-P assayed 
was, in some experiments, lower than the amount of acetyl-P. 
The reasons for this discrepancy are unknown. It should 
be mentioned, however, that erythrose-4-P which has been 
prepared either synthetically or by enzymatic methods is not 
completely stable under these conditions of incubation. 

Chromatography of Hydroxamic Acid Formed from Reaction 
Product—A reaction mixture was set up in the following manner. 
Fructose-6-P phosphoketolase (100 wg.) was incubated with 14 
pmoles of histidine buffer, pH 5.5, 5 umoles of P;, and 4 umoles 
of fructose-6-P in a final volume of 0.5 ml. for 1 hour at 30°. 
Assay of a 0.1-ml. sample with hydroxylamine indicated that a 
total of 1.7 wmoles of acetyl-P were formed. The rest of the 
reaction mixture was then treated with hydroxylamine and 
chromatographed according to the procedure of Stadtman and 
Barker (17). The paper chromatogram revealed only one 
hydroxamic acid spot which had an Ry identical with authentic 
acetohydroxamic acid. 

Substrate Specificity —The following compounds did not yield 
acetyl-P when incubated with P; and enzyme in the assay sys- 
tem: fructose-1,6-diphosphate, dihydroxyacetone phosphate, 
glucose-6-P, ribose-5-P, erythrose-4-P, glycolaldehyde phosphate, 
fructose, xylulose, hydroxypyruvate, pyruvate, and glycol- 
aldehyde. Sedoheptulose-7-P yielded small amounts of acetyl-P 
which, however, could be attributed to the presence of about 
5 per cent of fructose-6-P as a contaminant of the sedoheptulose- 
7-P preparation. 

To test xylulose-5-P, an isomerase mixture of ribose-5-P, 
xylulose-5-P, and ribulose-5-P was used. The results are shown 
in Table III. The amount of acetyl-P, measured as hydroxamic 
acid, agreed well with the amount of glyceraldehyde-3-P which 
accumulated. Fructose-6-P was not formed either in the pres- 
ence or in the absence of P;. It could not, therefore, have been 
an intermediate in the formation of acetyl-P from pentose phos- 


Tase II 

Formation of acetyl-P and erythrose-4-P from fructose-6-P and P; 

The complete system contained in a final volume of 0.8 ml. the 
following reagents: 8 umoles of fructose-6-P; 8 umoles of Pi; 56 
umoles of histidine buffer, pH 5.5; and 360 ug. of fructose-6-P 
phosphoketolase. The mixtures were incubated for 40 minutes 
at 30°, except for the zero time control. Pj; was determined at 
pH 4.0 (13) to prevent hydrolysis of acetyl-P. Erythrose-4-P 
was determined enzymatically (Column I) and colorimetrically 
(Column IT). 
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| Acetyl-P | Erythrose-4-P 
System rhe «4 APi | a as hy- 

| | ansuate —— I It 

- pmoles 
Complete. . cesses] 3.7 | -3.3 | 3.5 3.2 2.6 2.7 
P; omitted. ......| | 0.2] 0.4 0.4 0.2 0.2 

Complete, zero | | 

Nai Ef | —0.1 | 0.2} 0.0 | 0.0 | 0.1 | 0.0 
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Taste III 
Reaction of fructose-6-P phosphoketolase with pentose phosphates 

Ezperiment 1. Reaction mixtures, in a final volume of 0.25 ml. 
contained: 80 ug. of phosphoketolase; 14 uwmoles of histidine, pH 
5.5; 4 umoles of NaF; 1.5 umoles of fructose-6-P or 10 umoles pen- 
tose phosphate (containing 2 umoles of xylulose-5-P) ; and 3 umoles 
of P;. Incubation continued for 30 minutes at 30°. 

Experiment 2. 18.7 umoles of ribose-5-P and 0.8 unit of ribose- 
5-P isomerase or 0.8 unit of ribose-5-P isomerase plus 0.4 unit of 
xylulose-5-P epimerase were preincubated in 0.3 ml. for 90 min- 
utes at 38°. After the mixtures were cooled in ice, the following 
were added to both systems: 60 ug. phosphoketolase; 20 umoles 
of histidine, pH 5.5; 6 umoles of NaF; and 5 umoles of P;. The 
reaction systems in 0.5 ml. were then incubated for 30 minutes 
at 30°. 





Acetyl-P 











| | 
Substrate system | Ge pote | sex 8 pane 
| umoles 
Experiment 1 
Mixture of pentose phos- | | 
eet or ee nae 1.10 | 0.00 
Above mixture, P; omitted...| 0.26 0.27 0.00 
Ps rae | 0.85 0.00 0.45 
Experiment 2 | 
Ribose-5-P + ribose-5-P isom- | | 
ER rote? | 0.24 
Above + xylulose-5-P epimer- 
BR Wh btce esses nes emer hesian | 1.80 
TaBLe IV 


Percentage inhibition of acetyl-P formation by various compounds 


Inhibition was measured by adding the compounds to be tested 
to the standard assay system for acetyl-P formation. 











Compound tested Concentration Inhibition 

: - | - 
Sodium fluoride............... 1.2 X 10°? 0 
Sodium iodoacetate........... 6 X 10°? 0 
Sodium arsenite.............. 1x? | 0 
Hydroxylamine............... 2x10? | 65 
Sodium pyrophosphate........ 1X 10° 64 
Ammonium sulfate............ 1 X 10°! 42 
sewer aapeape anerplaaaniion [gs 6 X 10° 0 





phate in this experiment. As shown in Experiment 2 of Table 
III, only a small amount of acetyl-P was formed when ribulose- 
5-P was generated from ribose-5-P by ribose-5-P isomerase (18). 
When a highly purified preparation of xylulose-5-P epimerase 
(18) was added to this system, a relatively large amount of 
acetyl-P was formed. It seems reasonable to conclude that 
xylulose-5-P is the substrate which undergoes phosphorolytic 
cleavage. 

Tests for Inhibition—NaF and iodoacetate did not affect the 
activity of partially purified fructose-6-P phosphoketolase and 
were used to inhibit some side reactions in the crude extract. 
Compounds which were tested for their inhibitory effect are 
listed in Table IV. Fructose, which does not serve as substrate 
for phosphoketolase, had little or no effect on the formation of 
acetyl-P from fructose-6-P. 

Replacement of P; by Other Reagents—The requirement for P; 
in the reaction of phosphoketolase with fructose-6-P has been 
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TABLE V 


Effect of thiamine-PP and Mg** on fructose-6-P 
phosphoketolase activity 


For Experiment 1, dialyzed and nondialyzed enzyme samples 
were preincubated at room temperature with 10 umoles of histi- 
dine buffer, pH 5.7, with or without 200 ug. of thiamine-PP and 2 
pmoles MgCL:. After 15 minutes, 5 umoles of fructose-6-P and 
5 umoles of P; were added, and the reaction mixtures were incu- 
bated for 30 minutes at 30° and assayed for acetyl-P. For Ex- 
periment 2, 5 umoles of MgCl. were used; other conditions were 
as in Experiment 1. 

















Acetyl-P formed 
System 
Experiment 1 Experiment 2 
moles 
Nondialyzed enzyme 
EE eer tere 1.2 0.52 
Enzyme + thiamine-PP and Mg** 1.9 0.72 
Dialyzed enzyme | 
0 SE eee ere er 0.76 0.26 
Ensyme + Mg**..................| 0.79 0.44 
Enzyme + thiamine-PP......... | 0.76 0.30 
Enzyme + Mg** + thiamine-PP. || 1.3 0.52 





shown in the study on stoichiometry (Table II). When arsenate 
was substituted for P;, acetate, rather than acetyl-P, was the 
product of the reaction. No hydroxamic acid was detected 
with the addition of hydroxylamine at the end of the incubation 
period. In the standard assay system, but with 5 umoles of 
arsenate instead of P;, 1.4 uwmoles of free acetate were formed, 
whereas with P;, 1.1 uwmoles of acetyl-P were formed under the 
same conditions. When either hydroxylamine, AMP, coen- 
zyme A, or inorganic pyrophosphate was substituted for P; at a 
level of 10 to 20 umoles per ml., no reaction could be demon- 
strated as measured by the hydroxamic acid method. Higher 
concentrations of hydroxylamine were not tested since it was 
found to inhibit the phosphorolytic cleavage of fructose-6-P. 

Effect of Thiamine-PP and Mg*++—As shown in Table V, the 
partially purified preparation of fructose-6-P phosphoketolase 
usually showed only a slight stimulation by thiamine-PP and 
Mg** which became somewhat more pronounced after dialysis 
at pH 8.0 in the presence of ethylenediaminetetraacetate, as 
described for dialysis of transketolase by de la Haba et al. (6). 
Treatment of phosphoketolase with charcoal, as described for 
removal of thiamine-PP from yeast carboxylase (19), did not 
result in an increased requirement for thiamine-PP. 

Michaelis Constants of Phosphoketolase for Fructose-6-P and 
for P;—The K,, for fructose-6-P, determined in the presence of 
10~? uw P; at pH 5.7, was 2.5 x 10-*. The K,, for P; at the same 
pH, determined in the presence of 10-* m fructose-6-P, was 
8.7 x 10%. For the computation of these constants acetyl-P 
formation at various substrate concentrations was measured 
after incubation for 15 minutes at 30°. 

Effect of pH on Reaction Rate—As shown in Fig. 1, the optimal 
pH is in the range of 5.3 to 5.8. Controls containing known 
amounts of acetyl-P and enzyme incubated at pH 4.5 and 7.4 
did not show any breakdown of acetyl-P. 

Attempts to Determine Reversibility of Reaction—Formation of 
fructose-6-P could not be detected by direct measurement when 
fructose-6-P phosphoketolase was incubated with erythrose-4-P 
and acetyl-P. An attempt was made to detect the net synthesis 
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of fructose-6-P or an exchange reaction involving acetyl-P and 
fructose-6-P with the use of C-labeled acetyl-P. To investigate 
the net synthesis of fructose-6-P, 0.12 unit of fructose-6-P 
phosphoketolase was incubated with 30 umoles of histidine 
buffer, pH 6.0, 14 wmoles of acetyl-P-1-C™ (50,000 c.p.m. per 
umole), and 4 wmoles of erythrose-4-P in a final volume of 0.5 
ml. for 30 minutes at 30°. The same reaction conditions but with 
the addition of 6 wmoles of P; and 12 wmoles of fructose-6-P 
in a final volume of 0.8 ml. served for detecting a possible ex- 
change reaction. At the end of the incubation period the reac- 
tion mixtures were acidified to pH 2 and 40 umoles of fructose-6-P 
were added as carrier. The mixtures were kept in a boiling 
water bath for 2 minutes to decompose acetyl-P, and the fructose- 
6-P was purified by alcohol fractionation of the barium salt. 
The fructose-6-P was dephosphorylated by potato phosphatase 
and the fructose was further purified by paper chromatography. 
The purified fructose from these experiments showed no radio- 
activity. It was calculated from the sensitivity of the methods 
used that under the conditions of these experiments, 0.005 
umole of acetyl-P-1-C" would have been detected if it had been 
incorporated into fructose-6-P either by net synthesis or ex- 
change. 

Stoichiometry of Acetate Formation from Fructose-6-P in Crude 
Bacterial Extracts—It has been suggested previously (4) that 
fructose-6-P phosphoketolase, in conjunction with enzymes 
of the pentose phosphate cycle, could be visualized to catalyze 
the conversion of fructose-6-P to 3 moles of acetate. To ex- 
plore this possibility, acetate formation from fructose-6-P 
was measured in a crude extract of A. rylinum. As can be 
seen from Table VI, the addition of 1.5 ywmoles of fructose-6-P 
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Fic. 1. Rate of acetyl-P formation as a function of pH. The 
acetyl-P formed was measured in the standard assay system with 
30 wmoles of histidine (O——O) or 25 wmoles of succinate 
(®e @) as buffer. Reaction mixtures contained 250 ug. of 
fructose-6-P phosphoketolase. 
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Tasie VI 
Formation of acetate plus acetyl-P in crude bacterial extract 


Reaction mixtures in a final volume of 1.5 ml. contained: 18 
mg. of protein of bacterial extract; 5 wumoles of Pi; 5 umoles of 
MgCl.; 3 umoles of iodoacetate; 10 umoles of NaF; 60 umoles of 
histidine buffer, pH 6.5; with or without 1.5 wmoles of fructose-6- 
P. The mixtures were incubated for 120 minutes at 30° under 
nitrogen except for the zero time controls. The reaction was 
stopped by placing the tubes in a boiling water bath for 2 minutes. 





| A Acetate 








System Acetate | (formed during 
| incubation) 
—_ “7 pmoles ‘ 
Complete, zero time.................. 4.2 | 
Complete, incubated.................. 8.5 4.3 
Fructose-6-P omitted, zero time....... 4.3 | 
Fructose-6-P omitted, incubated...... 5.4 Be 








to the reaction mixture resulted in a net formation of 3.1 umoles 
of acetate (measured as the sum of acetate and acetyl-P). This 
represents over 2 moles of acetate per mole of the compound 
added. 
DISCUSSION 

The enzyme fructose-6-P phosphoketolase, which is present in 
A. rylinum, catalyzes the cleavage of fructose-6-P into 1 mole 
of erythrose-4-P and 1 mole of acetyl-P. Crude extracts con- 
tain acetokinase which catalyzes the formation of acetate and 
ATP from acetyl-P and ADP. In the absence of ADP a con- 
siderable amount of acetyl-P accumulates, although some of 
it is hydrolyzed to P; and acetate. The other product of the 
phosphoketolase reaction is erythrose-4-P which is further 
metabolized by crude extracts to yield additional acetyl-P or 
acetate. The following series of reactions can be visualized to 
recycle erythrose-4-P and thus account for the excess acetate 
formed. 


Reactions 
Fructose-6-P + P; — acetyl- 
P + erythrose-4-P 


Enzymes 


Fructose-6-P phosphoketolase 


Erythrose-4-P +  fructose-6- Transaldolase 
P — sedcheptulose-7-P + 

gly ceraldehyde-3-P 

Sedoheptulose-7-P + glyceral- Transketolase 


dehyde-3-P — ribose-5-P + 
xylulose-5-P 

Ribose-5-P — xylulose-5-P Ribose-5-P isomerase and xy- 
lulose-5-P epimerase 

2 xylulose-5-P + 2 Pj; — 2 Phosphoketolase 
acetyl-P + 2 glyceraldehyde- 
3-P 

2 glyceraldehyde-3-P 
tose-1,6-diphosphate 

Fructose-1,6-diphosphate 
fructose-6-P + Pj 


~ frue Glyceraldehyde-3-P —_isomer- 
ase and aldolase 


Fructose-1,6-P phosphatase 


Sum: fructose-6-P + 2 P; — 3 acetyl-P 


The presence in A. xylinum of most of the enzymes which 
participate in this cycle has been reported previously (20). 
More recent experiments have included the demonstration of an 
active fructose-1,6-diphosphate phosphatase. This series of 
reactions can therefore be reasonably postulated. A more 
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direct pathway from erythrose-4-P to acetate by transformation 
to erythrulose-4-phosphate and cleavage to acetyl-P and glycol- 
aldehyde phosphate could not be demonstrated. 

The significance of the above described “fructose-6-P shunt” 
which catalyzes the complete degradation of 1 mole of fructose- 
6-P to 3 moles of acetate is not immediately apparent. However, 
since the presence of an essential enzyme of th: glycolytic path- 
way, namely phosphofructokinase, could not be established in 
A. rylinum (20), the fructose-6-P phosphoketolase pathway may 
represent a very desirable metabolic feature. It may serve as a 
“short circuit’? pathway for the production of acetate which is 
readily oxidized by this microorganism (1). The conversion 
of fructose-6-P to acetate produces only 3 moles of ATP per 
mole of fructose-6-P or 2 moles of ATP per glucose mole, a 
yield identical with that of glycolysis. On a molar basis, this 
represents a rather low yield compared with that obtained in 
the course of acetate oxidation via the Krebs’ cycle and may help 
to explain the lack of cellulose synthesis in A. rylinum under 
anaerobic conditions. On the other hand, the operation of a 
phosphoketolase pathway together with the Krebs’ cycle could 
account for the synthesis of cellulose in the presence of iodo- 
acetate. 

The mechanism of action of fructose-6-P phosphoketolase is 
unknown. Similarly to the xylulose-5-P phosphoketolase of 
L. plantarum (3), it requires phosphate which can be replaced 
by arsenate, is stimulated by thiamine-PP and Mg**, and cleaves 
xylulose-5-P. Reversibility could not be demonstrated by 
sensitive isotope methods with either of the two enzymes. In 
contrast to the lactobacillus enzyme, the acetobacter enzyme 
cleaves fructose-6-P, and thus permits the cyclic degradation of 
1 mole of hexose to 3 moles of acetate. 

To explore the mode of action of phosphoketolase, attempts 
were made to trap an “active acetate’ intermediate in the ab- 
sence of P; by addition of hydroxylamine. Since these experi- 
ments were consistently negative, the formation of an acyl 
enzyme which is phosphorolytically cleaved appears unlikely. 
An alternative possibility could be formulated as shown in 
Equation 2: 


CH:OH 


CH:0H to —H.0O 
E| | + Pj — £) HCOH > 
CHO | 


OPO;H, 


CH, CH; 


C—OH — C=O 


OPO;H: OPO,;H, 

The initial step in this sequence is the same as postulated for 
transketolase (21), namely, the formation of an active glycol- 
aldehyde. It may be mentioned here that recent experiments 
by Breslow’ on the chemical synthesis of “active aldehyde” 
derivatives of thiamine have made this formulation a more 
likely one. The second step is visualized as the phosphorylation 
of the “active aldehyde,” followed by dehydration resulting in 
the formation of the enol form of acetyl-P. 

In accord with this formulation are some preliminary observa- 
tions on an increased absorption at 240 mu when substrate, 


‘R. Breslow, personal communication. 
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enzyme, and phosphate were incubated together. It should be 
mentioned, however, that the enzyme preparations were still 
too crude to permit definite conclusions from such experiments. 


SUMMARY 


1. Fructose-6-phosphate phosphoketolase which catalyzes 
the phosphorolytic cleavage of fructose-6-phosphate to erythrose- 
4-phosphate and acetyl phosphate was partially purified from 
extracts of Acetobacter xylinum. When arsenate was substituted 
for phosphate, acetate and erythrose-4-phosphate were formed. 


Fructose-6-phosphate Phosphoketolase 
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2. The partially purified enzyme also cleaved xylulose-5- 
phosphate to acetyl phosphate and glyceraldehyde-3-phosphate, 
but under the same conditions ribulose-5-phosphate, sedo- 
heptulose-7-phosphate, xylulose, fructose, hydroxypyruvate, 
and pyruvate did not serve as substrates. 

3. In crude extracts more than 2 ymoles of acetate were ob- 
tained per wmole of fructose-6-phosphate added. The signifi- 
cance of this observation in relation to the cyclic utilization 
of erythrose-4-phosphate and the energy metabolism of Aceto- 
bacter xylinum is discussed. 
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Glucose Catabolism in Fetal and Adult Heart* 
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The cells of growing and developing organisms are generally 
characterized by a higher rate of protein synthesis than is found 
in the cells of mature forms, and it has been shown repeatedly 
(1) that increases in rate of protein synthesis are associated with 
higher RNA content. It might then be expected that enzymes 
necessary for ribose synthesis would be in greater supply in 
rapidly proliferating or secretory tissues, and that metabolic 
pathways leading toward ribose should be in greater evidence. 
Recent work (2-5) has shown two pathways of ribose synthesis, 
both of which represent portions of the pentose cycle. These 
pathways are quantitatively more significant in proliferating 
and secretory tissues than others (6-10). 

Cardiac muscle has been consistently found to utilize the 
Embden-Meyerhof mechanism almost exclusively in catabolism 
of glucose. This seems reasonable since cardiac muscle is low 
in RNA (11). In fetal heart tissue, however, with a higher rate 
of protein synthesis than found in adult cardiac tissue, a higher 
RNA content and pentose cycle activity might be anticipated. 
The experiments reported here indicate that this is true. 


EXPERIMENTAL 


Preparation of Homogenates—Pork hearts, obtained immedi- 
ately after slaughtering of the animals, were immersed in ice- 
cold physiological saline until used. A portion of ventricular 
tissue, freed from fat and connective tissue, was finely minced 
with a razor and homogenized in four volumes of a medium simi- 
lar to that of Wenner et al. (12); 7.e. 0.0124 m KH.PO,, 0.99 
per cent KCl and 0.001 m Versene (ethylenediaminetetraacetic 
acid, Dow Chemical Company), adjusted to pH 7.4. In some 
experiments a medium was used containing 0.2 m Tris,’ 0.99 
per cent KCl, and 0.001 m Versene, adjusted to pH 7.4. All 
solutions were made in glass-distilled water. 

The homogenization was carried out with a precooled, hand- 
operated Dounce homogenizer (13). In order to obtain the least 
possible destruction of cell components, only three or four strokes 


* Supported by grants-in-aid from the American Cancer So- 
ciety, the Oregon Heart Association, the American Heart Asso- 
ciation and the Life Insurance Medical Research Foundation. 
Published with the approval of the Monographs Publication 
Committee, Research Paper No. 340, School of Science, Depart- 
ment of Chemistry. This paper is taken from the dissertation 
for the degree of Doctor of Philosophy of Russell L. Jolley, Oregon 
State College, 1958. Present address, University of Oregon 
Medical School, Portland, Oregon. 

1 The abbreviations used are: Tris, tris(hydroxymethy])amino- 
methane; glucose-U-C"™, uniformly C-labeled glucose; 


‘7 
C; 


or: 
C,’ 


specific activity of CO. from glucose-1-C™ 


Ry’ 
specific activity of CO, from glucose-6-C™ ’ G,’’ 





specific activity ratio as above, for ribose-1-C™ and glucose-6-C™, 


of the loose-fitting pestle were made. The material was then 
strained through a stainless steel sieve and pressed with a 
spatula to reduce hold-up by the connective tissue. The pH 
of the homogenate was adjusted with KOH to 6.8 to 7.0. 

Components of Reaction Mixture—These were similar to those 
of Wenner et al. (12), with modifications as described in the 
tables. 

Radiochemical Procedure—The radiorespirometer of Wang 
et al. (14) was used for collecting C“O, at desired intervals dur- 
ing the oxidation of labeled substrates. The C™O, was pre- 
cipitated as BaC™“O; and counted by standard procedures. Each 
flask contained 0.3 uc. of labeled substrate, which represented 
43,600 c.p.m. with the counter used. The recovery of isotope 
in CO, from labeled compounds was approximately 60 per 
cent from homogenates of adult hearts and 20 per cent from 
fetal preparations. 

Heart Perfusion Experiments—These were performed on can- 
nulated whole hearts from pig fetuses or adult rats. The perfu- 
sion chamber (a 300-ml., 3-necked, round-bottom flask equipped 
with a drain at the bottom) permitted perfusion through the 
cannula (by way of the aorta) with various reaction mixtures 
containing labeled substrates. Oxygen was drawn into the 
system under a slight vacuum, and the respiratory CO, in the 
exit gases was retained in NaOH traps. The perfusion medium, 
at a hydrostatic head of 50 to 60 cm., entered the cannula at 
36-38° and issued dropwise from the heart into dilute H;PO, 
in the bottom of the perfusion flask. The rate of flow of me- 
dium through the heart ranged from 80 to 120 ml. per hour, 
with samples taken at intervals of 30 to 60 minutes. Two flasks 
were mounted in parallel in the apparatus used, so that duplicate 
experiments could be carried out simultaneously. 

For the perfusion experiments, rat hearts were removed after 
Nembutal anesthesia; fetal pig hearts were removed at the ab- 
batoir, flushed with cold physiological saline solution and im- 
mersed in this solution until cannulation. When the apparatus 
was tested to determine to what extent duplication could be 
realized when individual hearts from adult rats were used (not 
litter mates), the standard deviation among 12 pairs of hearts 
was found to be 15.5 per cent. 

Materials—The following materials were obtained commer- 
cially and used without further purification: ATP, ribose-5- 
phosphate, fructose-6-phosphate, glucose-6-phosphate, barium 
6-phosphogluconate, DPN, TPN and cytochrome c from Sigma 
Chemical Company; glucose-2-C™, glucose-6-C™ and glucose- 
U-C™ from the National Bureau of Standards; 1-C'-labeled 
glucose, ribose, A-gluconolactone and acetate from Nuclear 
Instruments, Inc.; and pyruvate-2-C™ from Volk Radiochemical 
Company. 
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RESULTS 


The bulk of the data in this paper consists of time-course ob- 
servations on the activity of respiratory C“O, derived from 
variously labeled substrates. Since the characteristics of the 
time course curves have been used to interpret the patterns of 
glucose metabolism, it was considered important to take the 
maximum possible precautions against artifacts caused by prep- 
aration of the tissue samples. Their existence seemed especially 
possible in the homogenization of delicate fetal tissue; excessive 
disruption of the mitochondria might destroy the Krebs cycle 
reactions and thus give spuriously high values for the C,’/C,’ 


TaBLe I 
Effect of nicotinamide and isonicotinic hydrazide on ozygen 
consumption (endogenous) and CO: production from 
C'4_labeled glucose by adult beef heart homogenate 
Flask components: 5 umoles of MgCl2, 0.07 umole of cytochrome 
c, 10 umoles of phosphate buffer, pH 7.4; 230 umoles of KCl, 0.3 
uc. of labeled glucose, 0.5 ml. of homogenate; NA (nicotinamide) 
or INH (isonicotinic hydrazide) as noted. The final pH was 7.0, 
the volume, 1.8 ml., and the incubation temperature, 37°. 














| C40: | CHO: fetal homogenates. With respect to the individual glucose car- 

a | from cla. | from ela. bon atoms, the ratio of adult-fetal oxidation rate (CO. re- 
sin cose-1-C# | cose-6-C* — Govery) in homogenates is approximately two for carbons-3 and 
‘sien | 4 age gy pun -4; three to four for carbon-2, and over five for carbons-1 and -6, 
as Fig. 1 indicates the interval and cumulative recovery in C“O, 

, L*) * a | sam. using adult and fetal homogenates. Similar ratios were ob- 
~<A SER Fahad chai | - mad | i a tained when acetate-1-C™ or pyruvate-2-C™ were the substrates. 
100 calhotal INH. i ae 82 | 190 | 536 560 The limited oxidative ability of fetal homogenates can probably 

= ri | i SS alee ta be attributed to lower mitochondrial activity, especially when it 
TaBLeE II 
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ratio if the (soluble (15)) pentose cycle dehydrogenases remained | 


active. 

A series of experiments was therefore carried out, in which 
both adult and fetal hearts were minced and treated in the 
Dounce homogenizer, using 3 strokes of the pestle as a mini- 
mum and 40 strokes as a maximum. Microscopic examinations 
of the homogenates revealed no damage to either nuclei or mito- 
chondria, and the C,’/C,’ ratios were virtually unchanged (less 
than 5 per cent difference) by the more extensive homogenizing 
treatment, although the total oxidation by the preparation was 
reduced about one-fifth. Possible damage to glycolytic enzymes 
also seemed unlikely in view of the fact that the adult-fetal 
ratios of C“O, activity were equal (between three and four) 
whether glucose-2-C"“, pyruvate-2-C"™ or acetate-1-C™ served as 
the substrate. 

An active DPNase (16) was observed in heart tissue which was 
also effective against TPN. It appeared to be equally abundant 
in fetal and adult specimens. 
zyme and stabilized the oxidation of glucose, as shown in Table I. 

Glucose Catabolism—As shown in Table II, the over-all oxida- 
tion of glucose (with glucose-U-C™) by homogenates of adult 
heart proceeds at about two to four times the rate observed with 


Rate of production of C'O2 from labeled substrates by pig heart homogenates; 
all values are expressed as c.p.m. per hour per mg. of dry wt. 
Flask components: 460 umoles of KCl], 20 umoles of phosphate buffer (adult) or Tris (fetal), pH 7.4; 200 umoles of nicotinamide, 10 
umoles of MgClo, 0.14 umole of cytochrome c, 10 umoles of ATP (except as otherwise noted), 0.3 uc. of labeled substrate, 1 ml. of ho- 
mogenate. The volume was 3 ml., the incubation temperature, 37°, and the time, 5 hours. 





— leazth | (Catrier added | “Inhibitor added LL 
= Ft | At 
in.t pmoles pmoles } 
1 20 glucose§ 63 
2 3.5 10 glucose 39 
3 10 glucose 143 
4 5s 10 glucose 40 
5 2 5 glucose 
6 6 20 acetate 
6 20 acetate 150 malonate 
7 20 acetate 
20 acetate 200 malonate ® 
8 © 
40 FCH.COOG 
9 q 


8) FCH,COO* 


* Calculated values. 
+ F, fetal; A, adult. 


| | 
Glucose-U-C™ |Glucose-3,4-C'™* | Glucose-2-C' 








| | 
Glucose-6-C™ Acetate-1-C™ Pyruvate-2-C% 
| 
| 
} 
| 


| | | 


| 
r | a 
| 


F A F | A F A Pores 
| | 
109 | | 68 | | 43 
85 29 | | 8 
148 140 | _ 10 
62 39 | 20 
37 | 8 | | | 
43 | | 26 | 35 
Pat | 
107 
2 | 
146 114 
34 | 46 
| 580 | 86 
109 | 47 


t Average length of pig fetus at birth is 10 to 11 inches (gestation period, 16 weeks). 


§ 20 umoles of ATP added. 
© 40 umoles of ATP added. 





Nicotinamide inhibited the en- 
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CPM/30 MINUTE INTERVALS (THOUSANDS) 
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6.0 





30 40 50 


TIME (HOURS) 


Fic. 1. Recovery of CO. from labeled glucose by pig heart 
homogenates. Lower graph interval recovery; upper graph, 
cumulative counts (thousands) recovered during 6-hour interval. 
Flasks components are as in Table II, phosphate buffer. 


2.0 


is also considered that in the soluble fraction (after centrifuging 
at 100,000 x g) the concentration of pentose cycle enzymes in 
fetal heart is relatively much higher (17). 

Experiments were carried out to determine the relative rates 
of C4O, formation from carbons-1 and -6 of glucose. The aver- 
age C,’/C,’ ratio for 15 experiments with adult homogenates in 
phosphate buffer was 1.04, that for 7 experiments with adult 
homogenates in Tris buffer was 1.0. This would indicate that 
practically all glucose catabolized by adult heart homogenates 
follows the Embden-Meyerhof and citric acid cycle pathways, 
since an appreciable activity of glucose-6-phosphate or 6-phos- 
phogluconate dehydrogenases would increase the ratio. 

Well known inhibitors had the expected effect on Krebs cycle 
oxidation (Table II). Malonate at high concentrations abolished 
acetate-1-C™ oxidation in both fetal and adult preparations. 
Fluoroacetate at 80 umoles per flask inhibited acetate-1-C™ oxi- 
dation 80 per cent and pyruvate-2-C™ oxidation about 50 per 
cent in adult tissue. However, despite the decrease in the ab- 
solute amounts of C-1 and C-6 oxidation, an increase in the 
C\'/C,’ ratio was observed. This effect was most pronounced 
with iodoacetate where the ratio was raised from 1.0 to 2.6 (data 
not shown). Although the effect was smaller with fluoride and 
malonate, it suggests that these inhibitors result in a greater 
proportion of glucose being converted to pentose as a result of 
glycolytic and Krebs cycle inhibition. 

Addition of excess phosphate, raising its concentration from 
0.01 m to 0.025 m resulted in a decrease of the C,’/C,’ ratio from 
1.04 to 0.88. This preferential oxidation of Cs may be because 
of the phosphate-engendered inhibition of triose phosphate iso- 
merase (18). Such an inhibition would prevent the dihydroxy- 
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acetone phosphate moiety, containing the original carbon-1 of 
glucose, from being metabolized as rapidly as the glyceralde- 
hyde phosphate moiety. 

A higher C,’/C,’ ratio from glucose was observed in fetal heart 
homogenates. The average for 12 experiments in phosphate 
buffer was 1.21; for eight experiments in Tris buffer, 1.25 (Fig. 
1). All the hearts in these two groups came from fetuses 6.5 
inches or less in length (up to two-thirds of gestation time). 
Hearts from larger fetuses (up to 90 per cent of gestation time) 
gave an average C,’/C,’ ratio of 0.97 (cf. Fig. 2). 

As in the adult preparations, high phosphate concentration 
reduced the average C,’/C,’ ratio (from 1.25 to 0.95). Also as 
in the adult, inhibition of the glycolytic pathway resulted in an 
increase of the C,’/C,’ ratio, from 1.25 to 1.95 with fluoride and 
to 1.71 with fluoroacetate. 

Wenner and Weinhouse (19) have described the effect of 
added TPN in shifting the pattern of glucose oxidation in liver 
homogenates in favor of the “direct” oxidative pathway. A 
similar shift was observed in heart homogenates (Table IIT), 
particularly among the fetal group, where TPN inclusion raised 
the C,’/C,’ ratio from 1.1 to 14.2. This much larger increase 
in fetal tissue is further evidence of a more abundant comple- 
ment of pentose cycle dehydrogenases, the activity of which is 
controlled by the amount of TPN present. 

Gluconate and Ribose Metabolism—A comparison of fetal and 
adult activity toward these substrates is of special interest, since 
both compounds might be expected to be dissimilated via pentose 
phosphate. The data in Table IV reveal that carbon 1 of A- 
gluconolactone-1-C™ was readily oxidized, particularly by fetal 
homogenates. This oxidation rate was about three times that 
in the adult preparations, and it equaled or surpassed the rate 
of oxidation of any of the carbon atoms of glucose listed in 
Table II. The recovery of isotope in CO, approached 100 per 
cent from the fetal oxidation, compared to 27 per cent from the 





CPM/30 MINUTE INTERVAL (THOUSANDS) 








10 20 30 40 50 60 
TIME (HOURS) 

Fic. 2. Adult characteristics of glucose metabolism in an 8-inch 

fetus (pig): recovery of C™O, from labeled glucose by heart ho- 


mogenates. Flask components are as in Table Il, phosphate 
buffer. 
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TaB1e III 
Effect of pyridine nucleotides on specific activity of COs arising 
from labeled glucose in pig heart homogenates 

Flask components: 460 umoles of KCl, 20 umoles of phosphate 
buffer, pH 7.4; 200 umoles of nicotinamide, 10 umoles of MgCl, 
0.14 umole of cytochrome c, 10 wmoles of ATP (K salt), 10 umoles 
of glucose, 3 umoles of pyridine nucleotide, 2 ml. of homogenate in 
Tris buffer, 0.3 ue. of labeled glucose. The volume was 4.15 ml., 
the temperature, 37° and the time, 5 hours. 














| Ci'/Ce’* 
. } —_ 
Stee | No pyri | 
dine nu DPN TPN 
cleotides 
regen een | 1.00 | 1.02 | 2.29 
Fetal (5.5 inches).................. | 1.09 | 1.47 | 14.24 
* See footnote ': 
TABLE IV 
Production of C''O. from A-gluconolactone-1-C'* by pig heart 
homogenates 


Flask components: 0.3 ue. of gluconolactone, 20 wmoles of buffer 
as noted, pH 7.4; other ingredients and conditions as in Table IT. 








: Lil | Carrier Sate of 
Vigent | sie | Momopenee | gi | Addendum | op etn 
: < | cono- | gluconate 
| ee | 
| | | | | ¢.p.m./ 
| pmoles moles | pmoles | hour/mg. 
\dry weight 
1 | Adult | Phosphate 10 | 20 ATP 44 
| Fetus, Phosphate’ 5 | 148 
| 2in.} | 
2 | Adult | Phosphate | 0.6 | 21 
| Fetus, | Phosphate 0.6 | 183 
| 6 in. | 
| Fetus, Phosphate 0.6 227 
| 4.25 
| in. 
3 | Adult | Tris | 30 ATP 109 
| Fetus, Tris 183 
5 in. | 
Fetus, | Tris | 30 ATP + 10. 207 
5 in. | ; FCH:COO- | 
Adult | Tris | 30 ATP + 200 | 34 
| malonate 
adult. The same ratio of activity toward gluconolactone has 


been observed in soluble extracts from fetal and adult heart (17). 

Ribose-1-C“ was also actively metabolized (Table V). Al- 
though the rate of C“O, evolution was greater with the adult 
specimens (44 ¢.p.m. per hour per mg. of dry weight compared 
to 15 in the fetus), a more significant comparison can be obtained 
between ribose-1 and glucose-6 oxidation in each tissue. Thus, 
R;’/G¢’ was 1.0 in fetal homogenates, compared to 0.5 in the 
adult (data not given). When fluoroacetate or fluoride were 
added, the oxidation of C-1 of ribose was severely depressed in 
the adult, but less so in the fetus. It would appear that a larger 
fraction of ribose metabolism in the fetus may proceed through 
the pentose cycle. The divergence between fetal and adult be- 
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havior may likely lie in the disposition of glucose-6-phosphate 
and triose phosphate produced by the action of transketolase 
and transaldolase; presumably in the adult both of these com- 
pounds, once formed, are dissimilated in the usual manner 
through glycolysis and the Krebs cycle. 

Results with Perfused Hearts—Studies with isolated perfused 
rat and fetal pig hearts have provided a degree of support, at 
the level of the whole organism, for conclusions drawn from 
homogenate experiments. Thus, perfusion of fetal pig hearts 
with labeled glucose indicated a definite excess of C“O2 from 
glucose-1-C™, in four out of five pairs of litter mates, as shown 
in Table VI. Also, TPN induced a doubling of specific activity 
in C“O, from C-1 of glucose but not from C-6 (Table VII). 
DPN increased the specific activity slightly, from both carbons- 


TABLE V 
Inhibition of production of CO. from ribose-1-C™ in pig heart 
homogenates 


Components of system are as in Table II; phosphate buffer, 
0.3 we. of labeled ribose. 








—_ Size Inhibitor added COz yield | Inhibition 
NO. 
sic — ee Ree ne seal 
| | woes Inet dry weight | % 
Adult 44* 
1 40 fluoride 93 
2 | 10 FCH.COO- 12 
40 FCH2COO- 75 
80 FCH.COO- 85 
3 | 200 malonate 92 
| Fetal, 15t 
3.5 to 8 in. 
1 5 in. 40 fluoride | 80 
2 5 in. 10 FCH.COO- | 0 
3 6 in. 150 malonate 45 
4 4 in. 150 malonate 67 


* Average of 16 experiments. 
+ Average of 9 experiments. 


TasLe VI 
Ratios of specific activities of C'O2 from C; and Cy of glucose, 
with whole perfused fetal pig hearts 

Components per |. of medium: 140 mmoles of NaCl, 5.4 mmoles 
of KCl, 3 mmoles of CaCle, 80 umoles of nicotinamide, 900 umoles 
of phosphate buffer, pH 7.2; 1.15 mmoles of barbital buffer, pH 
7.2; 240 wmoles of carrier glucose. The temperature was 37°. 
CO: samples were withdrawn at 30-minute intervals over a 5-hour 
period. 








Cr/Ce" 


Size of fetus 


4 1.71 
4.5 0.81 
4 1.39 
4.5 1.61] 
4 2.03 


Le Ee Ee ee SLE Lee Te en 





* See footnote '. 
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TasLe VII 


Effect of pyridine nucleotide on C'%O2 production from labeled 
glucose by perfused adult rat hearts 
Components of system and conditions are as in Table VI; there 
was no carrier glucose. The pyridine nucleotide concentration 
was 174 umoles per 1. 











Substrate Ba | Ratio* 
Glucose-1-C'........ TPN 2.29 
Glucose-1-C™........... TPN 2.54 
Glucose-6-C*......... TPN 1.39 
I oo ncn sooo. 00660 c00 os cao TPN 1.00 
Glucose-1-C™...... i Re SP DPN 1.32 
Glucose-6-C™......... nde peweka Sa DPN | 1.39 


* Ratio 








Specific activity of CO. from heart with pyridine nucleotide 
Specific activity of C“O2 from heart without pyridine nucleotide 





1 and -6 of glucose. To offset the effect of inherent differences 
in the hearts, three experiments were conducted with pairs of 
hearts, TPN being added to one of each pair midway through 
the perfusion run. There was an average 75 per cent increase 
in favor of the member receiving TPN. 


DISCUSSION 


The foregoing results indicate that reactions of the pentose 
cycle operate to a greater degree in fetal tissue than in adult, 
although even in the fetus the glycolysis-Krebs cycle pathway 
is of greater quantitative significance. In any developing fetus 
there is presumably a continuous transition toward the glucose 
catabolism characteristic of the adult state. Although the fetal 
material available was not sufficient to test large numbers of 
individuals at various stages of development, a perusal of the 
data obtained indicates that only at approximately the 8-inch 
size (75 per cent or more of gestation time) does the trend to- 
ward adult patterns become evident. This time schedule agrees 
fairly closely with the pattern of development of cytochrome 
activity in fetal pig brain (20), and of succinoxidase activity in 
rat embryo heart (21). 

The ability of fetal homogenates to oxidize carbon 6 of glu- 
cose can be used as a measure of their total glucose oxidizing 
capacity. These values, expressed as c.p.m. per hour per mg. 
of dry weight, range from about 7 to 40 with an over-all mean 
of 13 for homogenates in phosphate buffer and 18 for homoge- 
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nates in Tris buffer. The respective averages for adult homoge- 
nates are 78 and 107, thus six times as great as the values for 
fetal homogenates. There appears to be some correlation be- 
tween the C-6 oxidizing capacity of fetal heart homogenates and 
the corresponding C,’/C,’ ratios. The higher ratios are associ- 
ated with lower over-all oxidative capacities, and as the oxida- 
tive capacity (by way of glycolysis and the Krebs cycle) rises 
toward the adult level, the C,’/C,’ ratio drops toward the char- 
acteristic adult level, as seen in Fig. 2. 

The finding of a difference in TPN effect between fetal and 
adult tissue is particularly interesting, and is in line with the 
much greater apparent pentose cycle activity (TPN-dependent) 
in the fetus. 


SUMMARY 


1. The rates of production of C“O, from glucose-1-, -2-, -6-, 
or -U-C", or from pyruvate-2-C™, are roughly three to four times 
as high in adult pig heart homogenates as in fetal heart homoge- 
nates. 

2. The rates of production of C“O. from glucose-1-C™ and 
glucose-6-C™ are approximately equal in heart homogenates 
from adult pigs and late pig fetuses (in the last quarter of the 
gestation period), but with heart homogenates from earlier 
fetuses the rate of C“O-2 production from glucose-1-C™ exceeds 
that from glucose-6-C™ by an average of 25 per cent. 

3. Addition of TPN causes a 10-fold increase in the C™O, 
yield from glucose-1-C™ by fetal heart homogenates, or a 2- 
fold increase in that by adult heart homogenates. 

4. Both adult and fetal heart homogenates oxidize carbon-1 
of ribose. The oxidation rate is greater in adult homogenates, 
but the rate of oxidation of C-1 of ribose compared to that of 
C-6 of glucose is greater in fetal homogenates. 

5. The rate of CO, production from A-gluconolactone-1-C™ 
is three to four times as high in fetal as in adult heart homoge- 
nates. 

6. Perfused fetal pig hearts have been found to produce C“O, 
at a higher rate from glucose-1-C™ than from glucose-6-C"™. 

7. With perfused adult rat hearts, addition of triphospho- 
pyridine nucleotide to the perfusion medium has been found to 
cause an increase in the oxidation of carbon-1 of glucose. 
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Investigations into the nature of the metabolism of glucose in 
Acetobacter suboxydans have revealed that both the pentose 
cycle (1) and a direct nonphosphorylative oxidation (2) con- 
tribute to the consumption of this substrate. Fructose, in like 
manner, dissimilates by way of the pentose pathway (3) as does 
glycerol, after its conversion to fructose-1,6-diphosphate via 
triose phosphate (1,4). Some of the reactions of glycolysis have 
been documented (5), although the presence of the entire scheme 
is doubtful. Furthermore, despite the fact that A. suborydans 
is an obligate aerobe, there is no evidence, as defined by standard 
manometric, chemical, and radioactive tracer experiments, for 
Krebs cycle activity in the organism (5-8). 

In this paper, an evaluation has been made of the contribu- 
tions of known metabolic pathways to total glucose metabolism, 
with the use of the radiorespirometric method of Wang et al. 
(9). The evidence to be presented indicates that the pentose 
cycle accounts for the bulk of the metabolic “traffic.” 


EXPERIMENTAL 


Cells of Acetobacter suborydans 621 were grown for 40 hours at 
25° either in 20-1. carboys which contained 10 |. of medium or in 
500-ml. Erlenmeyer shake flasks which contained 100 ml. of 
medium. The medium consisted of 5 per cent glycerol, 1 per 
cent yeast extract, 0.5 per cent KH»PO,, and 0.01 per cent 
Dow-Corning antifoam AF emulsion (in carboys); the pH was 
adjusted to 6.0. Sterile air was dispersed through the medium 
during the growth period, then the cells were harvested with a 
Sharples supercentrifuge. 

For manometric studies the cells were starved before use by 
shaking at room temperature for 1 hour in 0.5 per cent phosphate 
buffer at pH 6.0. The cells were then washed twice with buffer. 

The radiochemical substrates used in these experiments were 
obtained from the following sources: glucose-1-, -2-, and -6-C™ 
from Dr. H. 8. Isbell, National Bureau of Standards; uniformly 
labeled glucose-C“ from Tracerlab, Ine. Glucose-3,4-C™ 
was prepared essentially according to the method of Wood 
et al. (10). Potassium-p-gluconate-1-, -2-, -6-, and uniformly 
labeled with C“ were prepared according to the method of Moore 
and Link (11). 
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Commission. Published with the approval of the Monographs 
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Oxygen consumption and CO, evolution were measured in 
the usual manner in Warburg flasks. In addition, the radio- 
respirometer (9) was used for all time course studies of the utili- 
zation of labeled substrates. This method permits recovery of 
CO, at desired intervals from cells metabolizing specifically 
labeled substrates. Glucose disappearance from the medium 
was followed by assay of aliquots, with use of the anthrone 
method (12). At the end of the experiment the cells were centri- 
fuged and processed for radioactivity assay by a wet combustion 
method (13). Radioactivity in the medium was determined 
by a persulfate method (14). 

C™ assay was carried out with a thin window Gieger-Miiller 
counter, and with BaCO; used exclusively as the form counted. 
All data were corrected for background and self-absorption in 
the conventional manner. 

RESULTS 

Fresh resting cells of A. suborydans were tested manometrically 
for O2: consumption and CO, evolution when glucose was the 
substrate. At the same time the production of CO, from 
uniformly labeled glucose-C™ was traced by means of the radio- 
respirometer (9). Oxygen was consumed rapidly, at a rate 
that was virtually linear for the first 20 minutes, whereas the 
appearance of CO, was somewhat delayed; the ratio of moles of 
O: consumed to moles of CO, liberated was 3.7 after the first 10 
minutes; it decreased to 2.2 at 60 minutes. The recovery of 
CO, as determined radiochemically was virtually identical 
with that determined manometrically. 

Table I and Figs. 1 and 2 depict the manner and extent of 
conversion of specifically labeled glucose and gluconate to CO, 
in A. suborydans. In order to compensate for differences in 
the rate of consumption of different substrates, and of the same 
substrate among different organisms, all data are plotted in 
terms of a “Relative Time Unit.” This is defined as the time 
required for complete consumption of the added substrate by 
the cells. Although this is determined by actual test, it can 
be recognized in most organisms by a rapid decrease in interval 
recovery of CO, from carbon-3, -4, or -1 of glucose. These 
carbon atoms are known to be among the first to be liberated 
by known pathways (glycolysis; phosphogluconate decarboxyla- 
tion). 

The patterns of formation of CO, from glucose by A. subory- 
dans seem to be relatively simple, and a comparison of the time 
course curves for the individual carbon atoms indicates that 
each reaches a maximum at about the same time. The total 
conversion of glucose to CO, is approximately 50 per cent 
(uniformly labeled glucose-C"). The yields of C“O, from in- 
dividual carbon atoms, however, differ considerably; they range 
between 80 per cent from C-1 and, decreasing in order from C-2 
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TABLE I 
Dissimilation of glucose by resting cells of Acetobacter suboxydans 


























Per cent recovery of C4 
CO2z Cells Medium Total 
Substrate sdded 
3 S 3 $ 
tl elelelelele|e 
<!/o/</o;/4}/6/4]6 
Glucose-1-C™ 70,000} 80 | 72 | 2| O | 20 | 27 |102 99 
Glucose-2-C™ 70,000) 65 | 63 | 4 | 2 | 34 | 36 /103 | 101 
Glucose-3,4-C' 70,000} 51 | 46 | 6 | 3 | 44 | 51 {101 | 100 
Glucose-6-C™ | 60,000) 33 | 33 | 5 | 3 | 61 | 65 | 99 | 101 
Glucose-C"™, uni- | 
formly labeled | 70,000] 55 7| | 36 98 
Gluconate-1-C —_| 14,000] 62 1 | 28 91 
Hluconate-2-C™ | 14,000) 59 1 | 30 90 
Gluconate-3,4-C* | 14,000, 56 3 41 | 100 
Gluconate-6-C"™ 14,000} 38 | 4 57 99 
Gluconate-C™, uni- | 14,000) 49 2 35 86 
formly labeled | 




















* Air represents air atmosphere and 1 mg. of cells, dry weight, 
per ml. of medium; oxygen represents oxygen atmosphere at 
the same cell concentrations. The time was 5hours. Each flask 
contained 75 uwmoles of glucose or 42 uymoles of gluconate and 500 
umoles of phosphate buffer, pH 6.0. The volume was 10 ml. 
and the temperature, 30°. 
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CUMULATIVE RECOVERY 
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INTERVAL RECOVERY OF C'*02 (PERCENT) 





TIME IN RTU 


Fig. 1. Time course plots of radiochemical recoveries in CO: 
from specifically labeled glucose by Acetobacter suboxydans. 
The atmosphere was oxygen. ——, glucose-1-C'4; —— —, -2-C'4, 
o---- , -3,4-Cl4; -----, -6-C!4. Conditions are as in Table I. For 
the definition of RTU (relative time unit) see the text. 


and C-3,4, 33 per cent from C-6. The smaller yields of CO. 
from the latter 3 carbon atoms are compensated by higher 
retention in the medium; there is relatively little accumulation 
of C in the cells, although in one experiment 10 per cent of 
the activity from C-6 was found in the cells. Substitution of 
pure oxygen for air reduces the formation of CO, and increases 
the production of radioactive components in the medium. With 
labeled gluconates as substrates, results obtained are generally 
the same as those observed in the glucose experiments. Total 
recovery of C is approximately 100 per cent from glucose, but 
was slightly lower in some of the gluconate experiments. Dif- 
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ficulties have been encountered in accurate determination of 
the activity in the medium, which may account for some of the 
smaller recoveries. 

The appearance of C" in the growth medium suggested the 
presence of gluconate or ketogluconate, especially in view of 
the well known ability of the organism involved to produce 
these compounds from glucose (15). An aliquot of the medium 
after dissimilation of glucose-1-C' in an air atmosphere was 
therefore analyzed by paper chromatography (16) and radio- 
autography. A radioactive spot was observed which corre- 
sponded to 2-ketogluconate. This compound was further esti- 
mated by the o-phenylenediamine dihydrochloride method (17) 
to contain approximately 20 per cent of the administered glucose. 
The identity of other dissimilation products which could account 
for the higher retention of other glucose carbon atoms is still 
under investigation. Preliminary data indicate the presence 


of small amounts of radioactive volatile acids from glucose-6- 
CH, 
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Fig. 2. Time course plots of radiochemical recoveries in CO» 
from specifically labeled glucose or gluconate by Acetobacter 
suboxydans. The atmosphere was air. The legend is as in Fig. 1, 
with glucose or gluconate. In A, the substrate is glucose. In 
B, the substrate is gluconate. Other conditions are as in Table I. 
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Fic. 3. Time course plots of radiochemical recoveries in CO» 
from yeast cells metabolizing specifically labeled glucose. The 
atmosphere was air. The legend is as in Fig. 1. 
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Fig. 4. Time course plots of radiochemical recoveries in CO, 
from Zymomonas mobilis (formerly called Pseudomonas lindneri) 
cells metabolizing specifically l:.beled glucose. The legend is as 
in Fig. 1. ----, calculated curve for glucose-4-C" (ef. (9)). 


Figs. 3 and 4 include, for comparison, the patterns of evolution 
of C4O, from bakers’ yeast (9), which utilizes glycolysis and the 
Krebs cycle, and Zymomonas mobilis (18), which has a well 
defined Entner-Doudoroff pathway (19). The significance of 
the numerous important differences that can be noted among 
these patterns will be discussed below. 


DISCUSSION 


Frequent occurrence of the pentose cycle has been suggested 
previously (1) in experiments with cell-free systems as a means 
for terminal oxidation of glycerol ia A. suborydans. The data 
presented here strongly support this mechanism for the oxida- 
tion of both glucose and gluconate in this organisin. 

The pattern of CO, evolution to be expected from operation 
of the pentose cycle can be visualized from Fig. 5. Here, the 
carbon atoms of the sugar phosphates are represented by the 
numbers 123456 or by the letters ABCDEF, starting with 2 
molecules of glucose-6-phosphate. If this scheme is followed, 
C-1 of glucose will appear first in the respiratory CO:, followed 
in order by C-2 and C-3. As shown, one of the pentose phos- 


Vionws 


Kitos, Wang, Mohler, King, and Cheldelin 


1297 


phates formed in Reaction 1 (BCDEF) reappears at the end of 
the cycle, so that trace amounts of the species could theoretically 
catalyze the oxidation of all the remaining hexose phosphate. In 
actual practice the type BCDEF may be diluted somewhat, 
since the tetrose phosphate (CDEF) formed by transaldolase 
in Reaction 3 may interact with “fresh” pentose, i.e. pentose 
phosphate newly formed from phosphogluconate decarboxyla- 
tion (20). The amount of this dilution in A. suborydans is 
unknown; however, to the extent that it takes place, the hexose 
phosphate formed in Reaction 4 will show inversion of the first 
2 carbons with the sequence 23CDEF (or BCCDEF). Oxida- 
tion of this species will enrich the CO, with C-2, and the ap- 
pearance of C-3 will be slightly delayed. 

Carbon 6, according to this scheme, can appear in CO, only 
after recombination of triose phosphate units and loss of a 
phosphate group from hexose diphosphate. The resulting hexose 
phosphate, labeled 654456, will lose C-6, followed by C-5 and 
C-4, but (until the oxidation of glucose is complete) always at a 
retarded rate and in reduced amount because of retention of 
the bottom 3 carbons of every hexose molecule that enters the 
cycle. 

The CO, evolution patterns observed in Fig. 1 adhere to the 
foregoing outline very closely, and differ considerably from 
comparable data on any of 9 other organisms studied in the 
authors’ laboratories (9). Thus, the present data cannot be 
interpreted in terms of glycolysis and Krebs cycle activity. 
An organism such as bakers’ yeast (Fig. 3) which utilizes the 
latter route would liberate glucose carbons 3 and -4 very early 
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Fig. 5. The fate of the carbon skeleton of hexose in the pentose 
cycle. G-6-P, glucose-6-phosphate; Ru-5-P, ribulose-5-phos- 
phate; R-5-P, ribose-5-phosphate; GLA-P, glyceraldehyde-3- 


phosphate; SH-7-P, sedoheptulose-7-phosphate; and E£-4-P, 
erythrose-4-phosphate. 
| | COOH 
2 2 C=O PYRUVATE 
3 3 CHs 
~~ —< + 
‘ 4 CHO 
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2-keto -3- deoxy- 6 CH,OPO;He 
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Fig. 6. The fate of the carbon skeleton of glucose in the Entner- 
Doudoroff pathway (19). 
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as a result of decarboxylation of pyruvate; the oxidation of 
acetyl CoA would next yield CO, from carbons 2 and 5, and finally 
from carbons 1 and 6, in equal amounts. 

The observed rapid conversion of C-1 into CO:, although 
characteristic of the pentose cycle, might also result from the 
Entner-Doudoroff cleavage (19) (Fig. 6) or the Leuconostoc 
mesenteroides degradative scheme (21, 22). Of these possi- 
bilities, however, only the pentose cycle will account for the 
high yield of C-2 in CO. If the Entner-Doudoroff pathway 
were contributing significantly to the observed results, there 
would be extensive formation of triose from carbons 4, 5, and 6. 
In the absence of a Krebs cycle, as in Zymomonas mobilis, 
an organism which possesses the Entner-Doudoroff pathway 
can form CO, only from carbons 1 and 4 (Fig. 4). If A. subory- 
dans utilized the Entner-Doudoroff pathway, and then diverted 
the triose phosphate formed into hexose phosphate and de- 
graded the latter via the pentose cycle, the CO. would be rich 
from carbon 1 and fairly rich from C-6. C-2, however, would be 
retained as acetate, since pyruvate is converted nearly quantita- 
tively to acetate in this organism (7). 

With these alternate pathways eliminated, the contribution 
of the pentose cycle to total glucose dissimilation can be esti- 
mated quantitatively with the use of the cumulative recovery 
data of Table I. Thus, in an oxygen atmosphere, at 1 relative 
time unit conversion of glucose to pentose phosphate = C-1 
recovery = 72 per cent and pentose phosphate undergoing cy- 
cling = C-2 recovery = 63 per cent of glucose administered (hence, 
(63 X 100)/72 = 88 per cent of pentose formed). Since oxida- 
tion of C-6, -5, or -4 requires recycling, we can assume that the 
maximal yield of C-4 in CO, will be approximately 88 per cent of 


C-6, 


100 
age” recovery = 46 per cent, recovery of C-3 + C-4 = 92 per 
cent. Therefore, minimal recovery of C-3 = (92 — 29)/100 = 
63 per cent. 

This calculated value for recovery of C-3 in the respiratory 
CO, agrees well with the observed value for C-2 recovery and 
thus confirms the pentose cycle as the only significant pathway 
for complete oxidation of glucose in the organism concerned under 
the conditions which prevailed. 

Under less aerobic conditions, as in an air atmosphere, the 


< 0.88 = 29 per cent. Also, since C-3,4 “aver- 
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oxidation is somewhat more complex. Thus, when the previous 
method of calculation is used to determine the recovery of C-3, 
a value of 75 per cent is obtained both from glucose and gluconate, 
Since it is impossible for recovery of C-3 to exceed that of C-2 
via the pentose cycle, it seems that supplementary means must 
exist in A. suborydans for the oxidation of carbohydrate frag- 
ments under reduced oxygen tension, although the pentose cycle 
evidently accounts for the bulk of the terminal oxidation even 
under these conditions. The character of the supplemental 
oxidations is being examined. One possibility may be the con- 
version of triose to acetate via triose phosphate dehydrogenase. 
This reaction has been studied, although with equivocal results 
(5) which seem congruent with the obviously slight participa- 
tion of nonpentose cycle dissimilation pathways in this organism. 

The preponderant use of the pentose cycle for terminal oxida- 
tion not only renders A. suborydans unique among organisms 
studied to date but marks the first clear difference between this 
organism and related Pseudomonas species, several of which rely 
on the Entner-Doudoroff cleavage with or without the Krebs 
cycle (9, 18, 23). Most of the other pathways described for 
carbohydrate dissimilation seem to be shared by both of these 
pseudomonad types (cf. 23, 24). 


SUMMARY 


The dissimilation of glucose and gluconate to CO, has been 
studied in Acetobacter suborydans by means of the radiorespiro- 
metric method. Glucose (or gluconate)-l-, -2-, -3,4-, -6- 
and uniformly labeled glucose-C™ were the substrates used. 

Approximately 50 per cent of added glucose carbon appeared 
in the respiratory CO.; most of the retention of activity in the 
medium was attributable to carbons-6 and, presumably, -5 and -4 
of glucose. In an oxygen atmosphere, of the glucose added 72 
per cent was converted to pentose phosphate, and 63 per cent 
entered the pentose cycle. In the presence of oxygen, the pen- 
tose cycle seemed to account for virtually all of the CO, produced. 

At reduced oxygen tension (air atmosphere), the pentose cycle 
seemed to produce the bulk of the CO», although a small amount 
may have resulted from triose oxidation by other means. A 
direct oxidation of glucose to 2-ketogluconate occurred, which 
accounted for all of the glucose that was not converted to pentose 
phosphate. 
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The Role of Glycolic Acid Oxidase in the Respiration of Leaves 
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Observations on crude homogenates of leaves, as well as ex- 
periments performed with purified enzymes, have suggested 
that glycolic acid oxidase can function in terminal respiration 
in green plants (1-3). This enzyme is a riboflavin phosphate- 
linked oxidase which catalyzes the oxidation of glycolic acid to 
glyoxylic acid (1, 4-7) as follows: 


CH,OH—COOH + O: + CHO—COOH + H:0:. 


It has also been shown that glycolic acid oxidase, together with 
the pyridine nucleotide-linked glyoxylic acid reductase, catalyzes 
the oxidation of reduced pyridine nucleotides by molecular 
oxygen in model systems (2). 

In a previous report it was shown that bisulfite addition com- 
pounds of aldehydes are effective and highly specific competitive 
inhibitors of glycolic acid oxidase (8). These compounds are 
salts of a-hydroxysulfonic acids of the general formula 
R—CHOH—SO;Na. The enzyme is also inhibited by sodium 
bisulfite itself because the glyoxylate produced interacts rapidly 
to form an a-hydroxysulfonate. 

The inhibitory action of a-hydroxysulfonates has now pro- 
vided a means for evaluating the extent of the participation of 
glycolic acid oxidase in the respiration of green leaves under 
various physiological conditions. If this enzyme functions to 
a significant degree within the living leaf, inhibition of it would 
be expected to result in the accumulation of glycolic acid at a 
rate comparable to that at which oxygen is normally consumed. 
It has now been found that, when excised green leaves are per- 
mitted to take up a-hydroxysulfonates by the technique which 
has been commonly used in biochemical studies in this laboratory 
(9), the concentration of glycolic acid rapidly increases to more 
than 10 times the normal level. This accumulation takes place 
only in sunlight under conditions such that one would ex- 
pect glycolic acid oxidase to be inhibited. The results of 
these experiments are in concordance with the observations of 
Benson and Calvin (10) and Wilson and Calvin (11) that gly- 
colic acid arises from an early photosynthetic intermediate, and 
also suggest that a large part of the respiration of green 
leaves in sunlight takes place through glycolic acid oxidase 
system. 


EXPERIMENTAL 


Synthesis of a-Hydroxysulfonates—The compounds used were 
prepared by the reaction of an excess of a concentrated solution 
of sodium bisulfite in approximately 30 per cent ethanol with a 
solution of the corresponding aldehyde. The aldehyde bisulfite 
compounds were recrystallized from aqueous ethanol at least 
once and gavethe correct analysis for sodium. The 2,4-dichloro- 


1 We are indebted to W. T. Mathis of the Analytical Chemistry 
Department of this Station for these determinations. 


benzaldehyde was a gift of the Heyden Chemical Corporation. 
The compound, (formylmethyl)trimethylammonium chloride, 
frequently referred to as betaine aldehyde hydrochloride, was 
prepared from the corresponding diethyl acetal which was a 
gift of Dr. Arnold D. Welch of Yale University. The other 
aldehydes used and the glyoxal bisulfite were obtained commer- 
cially. 

Treatment of Leaves with a-Hydroxysulfonates—In most of 
the experiments, mature tobacco leaves of the variety Havana 
Seed were obtained from plants grown in the greenhouse on well 
fertilized soil. The fresh weight of a leaf varied between 10 
and 15 gm. For each experiment, a sufficient number of con- 
secutive leaves was cut from one plant. Single leaves were 
distributed in random order for each treatment. Immediately 
after removal from the plant, at zero time, the leaves were placed 
upright with their bases immersed in measured amounts of the 
a-hydroxysulfonate solution that was being tested, or in water. 
Unless otherwise stated, the experiments in sunlight were con- 
ducted in the greenhouse on sunny days when the light intensity 
was at least 2000 foot-candles. 

Extraction of Glycolic Acid—At the end of the experimental 
period, 25 disks (or in some instances 50), 1.2 cm. in diameter 
and representing a fresh weight of approximately 0.5 gm., 
were quickly removed with a sharp punch according to an ar- 
bitrary, fixed pattern from the central region of each leaf, care 
being taken to avoid large veins. The disks were weighed, 
transferred to a TenBroeck homogenizer, and covered with 
5 ml. of 0.01 m sodium bisulfite solution previously heated to ap- 
proximately 90°. The apparatus was then placed in a steam 
bath for 3 minutes. The killed tissue was next ground in the 
homogenizer with the aid of an electric motor, transferred to 
a centrifuge tube with water, and centrifuged at 18,000 x g 
for 20 minutes. After the extract was decanted, the residue 
was stirred with about 10 ml. of water, and the centrifuga- 
tion was repeated. The combined supernatant fluids (approxi- 
mately 25 ml.) were used for the separation of the glycolic acid 
on a Dowex 1-X10-acetate anion exchange column. 

Determination of Glycolic Acid—A modification of the method 
previously used in this laboratory (12, 13) was found convenient 
when only glycolic and glyoxylic acids were to be determined. 
A chromatographic column 0.7 em. in diameter is packed 
with Dowex l-acetate resin to a height of 6 cm. The column 
is washed with 10 ml. of 6 m acetic acid in order to remove an 
impurity that produces color with the glycolic acid reagent, 
and is then eluted with water (approximately 10 ml.) until the 
effluent is neutral. 

The entire extract is slowly added to the column and is washed 
in with approximately 30 ml. of water which also removes neutral 
and basic compounds. Elution is then carried out with 4 m 
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Fic. 1. Ion exchange separation of glycolic and glyoxylic acids 
on a column of Dowex 1-X10, acetate form, 0.7 cm. in diameter 
X 6.0 cm. in height. 10 wmoles of glycolate and 50 umoles of 
glyoxylate were added and eluted with 4 m acetic acid at a flow 
rate of 1 ml. per minute. Aliquots from each fraction were ana- 
lyzed for glycolic and glyoxylic acids as described under ‘‘Ex- 
perimental.’”’ Results are expressed as umoles per fraction. 


acetic acid. Slight air pressure is applied to the top of the column 
so that a flow rate of approximately 1 ml. per minute is main- 
tained. The first 4 ml. of effluent are discarded and the sub- 
sequent 10 ml. are collected in a volumetric flask for the de- 
termination of glycolic acid. If glyoxylic acid is also to be 
determined, the next 6 ml. are discarded, and the subsequent 
25 ml. are collected in a volumetric flask. The separation of 
10 wmoles of glycolate and 50 yumoles of glyoxylate is illus- 
trated in Fig. 1. 

Samples of 0.10 ml. are taken from the 10 ml. volumetric 
flask for the colorimetric determination of glycolic acid by 
the method of Calkins (14) in which a freshly prepared 0.01 
per’ cent solution of 2,7-dihydroxynaphthalene in concen- 
trated sulfuric acid is the reagent. Suitable reagent blanks 
and a 0.10-ml. sample of a standard glycolic acid solution made 
up in 4 m acetic acid accompany every determination. After 
color development, the absorbance is measured at 525 my in a 
Coleman colorimeter. The absorbance is linear with quantities 
of glycolic acid from 0.005 to at least 0.16 umole. Glyceric acid, 
known to be present in small amounts in tobacco leaves (15), 
would presumably be eluted together with glycolic acid; how- 
ever, the former acid gives no color at a level of 0.1 umole and 
produces only a small amount of a brownish pigment with 1.0 
umole. Moreover, paper chromatography of glycolic acid 
fractions has in no instance revealed a quantity of glyceric acid 
that would be sufficient to interfere. The accumulation of gly- 
colic acid can be readily detected on paper, however, by the use 
of the solvent systems, ethyl ether-88 per cent formic acid-water 
at volume ratios of 5:2:1 (12), or, preferably, ethyl ether- 
glacial acetic acid-water in the ratios of 13:3:1 (16). 

If glyoxylic acid is to be determined in an extract, hot water 
rather than hot bisulfite solution is used for the extraction of 
the tissue. The analysis is carried out directly on a suitable 
sample from the 25-ml. volumetric flask by the colorimetric pro- 
cedure of Friedemann and Haugen (17) no solvent extraction 


being required. Amounts of as little as 1 wmole of glyoxylic 
acid can be accurately determined by this method. 

Recovery Experiments—In an experiment in which 2.00 and 
4.00 umoles of potassium glycolate were added to 25 tobacco 
leaf disks in the homogenizer and taken through the entire 
procedure, 73 and 74 per cent, respectively, of the added gly- 
colate was recovered. If hot water was substituted for hot 
sodium bisulfite solution in order to kill and extract the leaf disks 
in such an experiment, recoveries of added glycolate were 65 
and 73 per cent, respectively. With the use of boiling 95 per 
cent ethanol, the recovery of added glycolate was only about 50 
per cent, presumably because the enzymes were not inactivated 
as rapidly. That the losses observed are due to enzymatic 
action is indicated by an experiment in which 2.00 moles of 
potassium glycolate were put through the procedure in the 
absence of leaf disks. The recovery was 99 per cent. 


RESULTS 


In preliminary trials, it was found that when leaves were 
placed with their bases in 0.01 m sodium bisulfite solution, a 
large increase in the amount of glycolic acid present was observed, 
provided that the experiment was carried out in sunlight. A 
maximal level is reached in approximately 2 hours, and, if the 
leaves are then placed in darkness, the glycolic acid concentra- 
tion returns to its normal lower level within 3 hours. If a 
leaf is kept in continuous sunlight, there is no diminution of the 
high level of glycolic acid concentration for at least 5 hours, 
the longest period that was tried. 

Effect of Sunlight and Darkness on Accumulation of Glycolic 
Acid—The rate and extent of the accumulation of glycolic acid 
in sunlight by leaves permitted to take up sodium bisulfite 
are illustrated in Table I. The rate of increase of glycolic acid 
concentration is linear for at least the 1st hour, but subsequently 
it levels off. During the period of rapid increase, between 2 and 
3 ml. of fluid are usually taken up by each leaf, so that if uni- 
form distribution of the inhibitor is assumed, the concentration 
within the leaf after 1 hour would be about 0.002 m. The rate 
of decrease of glycolic acid concentration in darkness is slower 


TaBLeE I 
Glycolic acid concentration of tobacco leaves placed in 0.01 m sodium 
bisulfite in sunlight and then in darkness 
Each experiment was carried out independently with different 


groups of leaves. Glycolic acid is calculated per gm. of fresh 
weight. 





Sunlight | 





Darkness (after 120 min. sunlight) 





Experiment No. Experiment No. 











Time oi es | Time * —— 
1 2 1 2 3 
min pmoles pmoles min. umoles | pmoles pmoles 
0 | 05 | O58 | o | 2.7 4.8 3.7 
30 | 3.1 | 5.0 | 30 | 24 4.3 
60 | 5.4 7.4 60 1.2 4.5 
120 «| 6.1 | se ae 0.5 
| 120 0.9 2.8 
| 10 09 
| 300 0.5 
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Fig. 2. Effect of sunlight and darkness on the glycolic acid 
concentration of tobacco leaves placed with their bases in 0.01 m 
disodium sulfoglycolate (glyoxylate bisulfite). At the end of the 
time intervals indicated, the glycolic acid concentration was 
determined in separate leaves obtained from the same plant. 
Glycolic acid concentration is expressed as wmoles per gm. of 
fresh weight. O——O, bases of leaves in 0.01 m disodium sulfo- 
glycolate solution throughout. @——@, part of a different 
experiment in which leaves that had been in 0.01 m disodium 
sulfoglycolate were placed in water during the period shown. 


and more variable than the rate of increase in sunlight.2 The 
more erratic behavior in darkness may be attributable to differ- 
ences in the amount of inhibitor taken up, and environmental 
factors in different experiments may play a role. Noaccumula- 
tion of glycolic acid has ever been observed in darkness, even 
when concentrations of disodium sulfoglycolate (glyoxylate bi- 
sulfite) as high as 0.05 m have been supplied to tobacco leaves 
for periods of as long as 18 hours. Furthermore, no untreated 
tobacco leaf has ever been found to contain more than 0.5 umole 
of glycolic acid per gm. of fresh weight, whether in light or in 
darkness. 

That sunlight is necessary to promote the accumulation of 
glycolic acid in the presence of a suitable a-hydroxysulfonate 
is further illustrated in Fig. 2. When the glycolic acid con- 
centration has returned to its normal level after transfer of the 
leaves to darkness, a second rapid rise occurs if the leaves are 
placed again in sunlight. In the experiment illustrated, the 
decrease observed between the 5th and 6th hours is to be at- 
tributed to the rapidly diminishing light intensity in the late 
afternoon. The intensity had decreased to 500 foot-candles, 
which has been found insufficient to effect a rapid accumula- 
tion of glycolic acid. 

In the main experiment that is shown in Fig. 2, the leaves were 
in contact with the disodium sulfoglycolate solution throughout 
the dark and light periods. In another experiment, only a part 
of which is illustrated in the same figure, leaves were treated in 
the same manner except that, at the end of the dark period, they 


?Inasmuch as the inhibition of glycolic acid oxidase by a- 
hydroxysulfonates is competitive (8) and is never complete under 
the experimental conditions, oxidation of glycolic acid can be 
shown to occur in darkness when the supply of the substrate by 
photosynthesis ceases. 
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were transferred to water alone for the subsequent light period. 
A significant increase in glycolic acid concentration was still 
observed, which indicates that sufficient inhibitor was present 
during the dark period to cause an accumulation of glycolic 
acid, but that sunlight is essential for this to occur. In other 
experiments the rise and fall of glycolic acid concentration in 
tobacco leaves have been observed in the presence of a-hydroxy- 
sulfonates during the light and dark periods of a normal 24-hour 
day, an interesting example of induced diurnal variation of acid- 
ity. 

Effect of Cyanide on Increase in Glycolic Acid Concentration— 
With purified glycolic acid oxidase the inhibitory effect of sodium 
bisulfite is diminished by approximately 50 per cent in the pres- 
ence of an equivalent concentration of cyanide (8), presumably 
because cyanide competes successfully with bisulfite for the 
carbonyl group of glyoxylate and accordingly less a-hydroxy- 
sulfonate is formed. Moreover, cyanide alone at a 0.01 m 
concentration has no inhibitory effect on isolated glycolic acid 
oxidase (8). Analogous results have now been obtained with 
whole leaves (Table II). Cyanide alone did not affect the gly- 
colic acid concentration, although sodium bisulfite in sunlight 
gave rise to an accumulation of 8.1 umoles in 1 hour per gm. of 
fresh weight. When equimolar amounts of cyanide and sodium 
bisulfite were provided, the increase in glycolic acid was dimin- 
ished to 4.8 umoles in 1 hour. The similarity between these 
results and those obtained with purified glycolic acid oxidase 
suggests that sodium bisulfite inhibits this enzyme in the leaf 
by interaction with an aldehyde, probably glyoxylate, to form an 
a-hydroxysulfonate. These data support the hypothesis that 
glycolic acid accumulates because of inhibition of the actively 
functioning glycolic acid oxidase of the intact leaf. 

Tests with Different a-Hydroxrysulfonates—Of the a-hydroxy- 
sulfonates previously examined (8), all inhibited glycolic acid 
oxidase more than 50 per cent at a concentration of about 1 per 
cent of that of the substrate. Additional compounds of this 
type have now been prepared and all have been found to be 
about equally effective in the inhibition of the purified enzyme. 
When solutions of these aldehyde bisulfite addition compounds 
are taken up through the base of the leaf, however, large differ- 
ences are observed in their effectiveness depending on the par- 
ent aldehyde of the compound (Table III). The effective- 
ness varies even though approximately the same amount 
of solution is taken up by a leaf regardless of the substance tested. 
This is attributable to failure of some of the inhibitory substances 
to reach the centers of enzymatic action. Disodium sulfo- 
glycolate (glyoxylate bisulfite), sodium 1-hydroxy-l-ethane- 
sulfonate (acetaldehyde bisulfite), and sodium bisulfite itself are 
the most active. The observation that glyoxylate bisulfite 


Tas.e II 
Effect of cyanide on accumulation of glycolic acid in tobacco leaves 
treated with sodium bisulfite 
Glycolic acid is calculated per gm. of fresh weight after 60 
minutes in sunlight. 








‘ , |Base of leaf in 0 01 u 
: Base of leafin | Base of leaf in aw 
Zero time 0.01mNaCN | 0.014 NaHSOs | oe 
| 
umole umole | umoles umoles 
0.4 0.4 8.5 5.2 
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TaBLe III 


Comparison of glycolic acid concentration of tobacco leaves placed 
in 0.01 m solutions of a-hydrozysulfonates in sunlight 
Each experiment was carried out independently with different 
groups of leaves. Untreated leaves have not been observed to 
contain more than 0.5 umole of glycolic acid per gm. of fresh 
weight. Data are calculated per gm. of fresh weight. 





Experiment No. 
Parent aldehyde of 


a-hydroxysulfonate used 

















1 2 3 
pmoles after | wmoles after | wmoles after 
60 min. 0 min. 120 min. 

Sodium bisulfite alone as 

MEET Sores cicescb as de 4.6 6.9 5.2 
Sodium glyoxylate..........| 5.1 12.1 
Acetaldehyde............... 6.1 
NE airs ook 0 SVEN 2 Sh pale 4.5 
n-Octyl aldehyde............ 2.7 
2,4-Dichlorobenzaldehyde. . . 1.8 0.9 
n-Decyl aldehyde........... | 1.0 
Betaine aldehyde hydro- | 

RS EE 0.7 
Formaldehyde............... | 0.6 | 0.7 





* A 0.005 m solution was used here so that an equivalent amount 
of a-hydroxysulfonate was present. 


TaBLe IV 
Effect of disodium sulfoglycolate on glycolic acid concentration of 
excised green leaves of several species 


Glycolic acid is calculated per gm. of fresh weight after 120 
minutes in sunlight. 





| Base of leaf in 





Plant species eS ot | ae Fn any 
pmole | : pmoles 
Spinach, Spinacia oleracea........ 0.7 | 4.5 
Tomato, Lycopersicon esculentum. 7 0.8 7.2 
Bean, Phaseolus vulgaris.......... 0.4 9.1 
Corn, Zea mays................+-. 0.8 2.7 





is at least as effective as sodium bisulfite alone strongly suggests 
that this a-hydroxysulfonate is the actual inhibitor when bisul- 
fite is taken up by a leaf. A control experiment, in which sodium 
glyoxylate was provided at a concentration of 0.01 m under 
similar conditions, showed that there was no effect on the gly- 
colic acid concentration. 

Glycolic Acid Accumulation in Leaves of Several Plant Species— 
The accumulation of glycolic acid brought about by a-hydroxy- 
sulfonates has also been observed in leaves of other species 
(Table IV). The spinach leaves were obtained at a local market, 
the tomato leaves were large adjacent leaves from a 2-month-old 
plant, and the bean leaves were the two monofoliate leaves taken 
from a 24-day-old plant. The 4th and 5th leaves from a 38- 
day-old hybrid corn plant were used to represent this species. 


DISCUSSION 


Brown (18) has shown, in experiments carried out with iso- 
topically enriched oxygen, that the rate of oxygen uptake by 


green leaves is the same in darkness and in light. There are, how- 
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ever, several indications that the enzymatic mechanisms which 
support respiration must be different in these two conditions, 
For example, experiments have been reported by Calvin and 
Massini (19) and by Gibbs (20) which show that the oxidation 
of pyruvate is hindered at high light intensities; and Daly and 
Brown (21), from the results of inhibition studies with carbon 
monoxide, have questioned whether cytochrome oxidase igs 
functional in older leaves. 

When measured in the dark at 30°, the rate of oxygen uptake 
of disks cut from mature tobacco leaves has been observed to be 
from 11 to 14 wmoles per gm. of fresh weight per hour. In the 
presence of a-hydroxysulfonates, glycolic acid has. commonly 
been found to accumulate at a rate of 6 to 8 umoles per hour in 
sunlight. If it is assumed that the rate of oxygen uptake is 
constant, regardless of illumination, and that the glycolic acid 
stored in light in the presence of inhibitor represents a metabo- 
lite which would normally have been oxidized by glycolic acid 
oxidase, it is then clear that such a reaction accounts for a major 
part of the oxygen uptake by leaves in sunlight. Accumulation 
of glycolic acid in tissue during photosynthesis has previously 
been encountered only under conditions of high light intensity 
coupled with very low partial pressures of carbon dioxide (10, 
11). The increase in glycolic acid shown here occurs in a 
normal environment with respect to photosynthesis but under 
conditions which, according to present knowledge, specifically 
inhibit glycolic acid oxidase. The observation that bisulfite 
does not interfere with many of the reactions of pentose phos- 
phate in the photosynthetic cycle (22) further supports this view. 

Glycolic acid oxidase is obviously a versatile enzyme since 
it can serve to oxidize directly the glycolic acid produced in 
photosynthesis, or it can couple with the glyoxylic acid reductase 
reaction to oxidize reduced pyridine nucleotides generated by 
dehydrogenases (2). On the other hand, since oxygen is taken 
up through a reduced flavin nucleotide by this mechanism and 
the cytochrome system is bypassed (23), one would not expect 
as much adenosine triphosphate to be produced by oxidative 
phosphorylation under such circumstances as is produced when 
a system of more positive oxidation-reduction potential such as 
the cytochromes is involved. 

It is now well established that glycolic acid, although normally 
present only in small amounts, is formed as an early product 
of photosynthesis (10), and the recent kinetic evidence of Wilson 
and Calvin (11) suggests that it arises from a 2-carbon compound. 
Most of it is obviously oxidized by the glycolic acid oxidase sys- 
tem, and the observation that the concentration of this metabo- 
lite increases so dramatically only in sunlight in the presence 
of a highly specific inhibitor constitutes supporting evidence. 
Furthermore, glycolic acid oxidase is widely distributed in green 
plants (24, 25), and its activity increases significantly when plants 
which have been grown in darkness are brought into the light 
(26-28). Delavan and Benson (29) have indicated that glycolic 
acid is oxidized to CO, by isolated chloroplasts preferentially in 
light. As a result of all of this evidence, the conclusion that a 
substantial part of the respiration of mature green leaves in 
sunlight takes place by way of the glycolic acid oxidase system 
seems inescapable. 


SUMMARY 


When mature tobacco leaves, which normally contain ne 
more than 0.5 wmole of glycolic acid per gm. of fresh weight, 
are placed in sunlight with the base of the leaf in 0.01 m solutions 
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of disodium sulfoglycolate (glyoxylate bisulfite), sodium 1-hy- 
droxy-l-ethanesulfonate (acetaldehyde bisulfite), or sodium 
bisulfite, the glycolic acid concentration increases at least 10- 
fold in 1 hour. Other a-hydroxysulfonates tested were less 
active in producing this effect. No increase in glycolic acid 
concentration occurs in darkness. Analogous increases of gly- 
colic acid have also been observed in leaves of spinach, tomato, 
bean, and corn. 

Since a-hydroxysulfonates have previously been shown to be 
effective competitive inhibitors of glycolic acid oxidase, the ac- 
cumulation of glycolic acid in green leaves is probably caused by 
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interference with the activity of this enzyme. The results 
support previous suggestions that glycolic acid is formed from 
an early photosynthetic intermediate. It is also concluded that 
a substantial part of the oxygen uptake of mature green leaves 
in sunlight is mediated by the glycolic acid oxidase system. 
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In a recent paper on the effects of the administration of 
potassium bicarbonate to tobacco leaves by the excised leaf 
culture technique (1), a 0.2 m solution of secondary potassium 
phosphate adjusted to pH 8.0 was used in one of the control 
experiments. The object was to obtain information concerning 
the behavior of the organic acids of the leaves when a salt other 
than bicarbonate was administered in a solution more alkaline 
than pH 7. What appeared to be a significant stimulation of 
the formation of citric acid was observed to occur, and an im- 
portant by-product of the test was the demonstration that 
phosphoric acid is eluted quantitatively by formic acid from 
Dowex 1 together with citric acid. The previously puzzling 
unknown component of the citric acid fraction obtained in the 
course of the analytical method used in this laboratory (2) for 
the determination of the organic acids was thus identified. 

Since there was no obvious reason to anticipate a stimulation 
of the formation of citric acid in tobacco leaf tissue under the 
influence of phosphates, further examination of the matter 
seemed necessary. The observation of an increase of citric acid 
in tobacco leaves cultured in darkness in the alkaline solution 
of secondary potassium phosphate has been confirmed, but 
the most probable explanation seems to be that carbon dioxide 
absorbed from the air by this solution was taken up by the 
leaves as bicarbonate ion. Bicarbonate ion has been shown to 
be especially effective in the stimulation of the formation of 
citric acid in excised tobacco leaves (1). 


EXPERIMENTAL 


The plants of Nicotiana tabacum of the variety Connecticut 
shade-grown were raised in the greenhouse, and 10 samples of 
20 leaves each were collected from 20 plants on July 1, 1957, by 
the statistical technique described in previous papers of this 
series. The coefficient of variation of the fresh weight was 2.3 
per cent, but that of the total nitrogen content was 3.2 per cent 
since the sample cultured in succinate as a control apparently 
acquired nitrogen during the culture period. The coefficient 
of variation of the nitrogen content of the other nine samples was 
1.4 per cent. The samples were thus acceptably uniform in 
initial composition. 

The experimental culture solutions were 0.2 M primary po- 
tassium phosphate and 0.2 m secondary potassium phosphate. 
A third solution was prepared by mixing equal volumes of these 
two, and is referred to as neutral phosphate. The control culture 
solutions were 0.2 m potassium sulfate, and 0.2 m potassium 
succinate adjusted to pH 7.0. Separate samples of leaves were 
cultured for 24 and for 48 hours in each of the three phosphate 
solutions, and three control samples were cultured for 48 hours 


in water, in potassium sulfate, and in potassium succinate, 
respectively. The experiment was carried out in a dark room 
at a controlled temperature of 24° and a relative humidity of 50 
per cent. During the culture period, the pH of the solution 
of secondary phosphate changed from an unstable reading at 
approximately 8.9 to 8.5; the pH of the other solutions remained 
essentially constant. 

Most of the analytical methods used have been described 
in previous papers (2,3). Total phosphorus in the tissue and in 
the ash was determined colorimetrically as phosphate in solutions 
prepared by digestion of the sample with boiling sulfuric acid 
with additions of sodium nitrate. After dilution with water, the 
solution was treated with ammonium oxalate and again evapo- 
rated to fumes to decompose nitrosyl compounds (4). 

Oxalic acid was determined in the control samples by titration 
with permanganate after precipitation as its calcium salt. The 
dilute acid extract of the tissue was clarified by treatment with 
a mixture of decolorizing carbon and cellulose powder in the ratio 
of 1:5. However, the permanganate titration method could 
not be used for the analysis of the samples cultured in phosphate 
solutions since the calcium phosphate, which was precipitated 
together with the calcium oxalate, adsorbed components of the 
extract which were oxidized by permanganate and led to spuri- 
ously high results. 

The presence of interfering ions rendered the available colori- 
metric methods for oxalic acid inapplicable. An attempt to 
determine oxalic acid in ether extracts of the acidified tissue 
likewise failed since the phosphoric acid was also extracted and 
interfered with the permanganate titration as before. It seems 
unlikely, however, that the presence of phosphate ions in the 
tissues had any noteworthy influence upon the metabolism of 
oxalic acid. 


RESULTS 

The analytical data are assembled in Table I. The samples 
cultured in potassium sulfate solution and in water increased in 
fresh weight (Line 1), but those cultured in potassium succinate 
and in the phosphate solutions all lost weight owing to the wilting 
of many of the leaves; the sample cultured in succinate was the 
most severely affected. Aside from the moderate degree of 
wilting, however, there was no obvious evidence of physiological 
damage to the leaves. 

The increases in ash content (Line 2) indicate that substantial 
amounts of the several salts were taken up by the leaves. The 
organic solids (dry solids minus ash, Line 3) are corrected in 
Line 4 for the carbon dioxide content of the ash which was 


calculated from titration of the alkalinity (Line 5). The losses 
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TaBLeE I 
Effect upon composition of excised tobacco leaves of culture in 0.2 u solutions of potassium phosphate 
The data represent grams or milliequivalents per kg. of initial fresh weight of tissue. 
| Changes during culture in darkness 
P Control | 
No. — A ' inate | KH,PO. | KEPO.+ KsHPO. | KH " 
aed Taser x pH 7.0) | pHa) | Hs?) | pH 8.2) 
| | 
| 48 hrs. | 48 hrs. 48 hrs. | 24 hrs. 48 hrs. | 24 hrs. | 48 hrs. 24 hrs. | 48 hrs. 
1 | Change in fresh weight, gm. | 1000 | +140 | bes ] —270 | -140 | —160 —110 -150 | —80 — 120 
2 | Ash, gm. 17.3 —0.1 | 8.2 | +30. 2 | +7.1 |} +10.3 +6.9/ +10.2) +9.0) +412.6 
3 | Organic solids, gm. 79.3 —6.4 4.1 | 412.2] -16) -2.1 —-2.1); -3.2| ~-3.0 —2.6 
4 | Organic solids corrected for 85.5 —6.7 —4.5 | +20.8; -2.1! -2.3 —-2.0| -2.9| -1.0 —1.4 
CO: of ash, gm. 
5 | Alkalinity of ash, m.eq. 283 -13 | -—18 | +392 —22 —8 —2 | +16 +43 +55 
6 | Potassium, m.eq. 162 —-9 | +88 | +403 | +68 +99 +77 | +114 | +497 +140 
7 | pH of extract of dry tissue 5.3| +01] +0.1| +40.7| +0.2| 40.3] +0.4 | +0.4; 40.6) +0.7 
8 | Uptake of salt, gm. 7.6| 39.1 9.2| 13.5 8.0; 1.8| 84] 12.2 
9 | Uptake of anion, m.eq. 175 | 410 | 297 154 | 227 | 145 211 
10 | Total nonvolatile acids (ex- | 146 —8 —4 | +381 | +124 | +160 | +99 | 4147 | +111 +158 
| cept oxalic acid), m.eq. 
11 | Total nonvolatile organic 138 —7 —4 +379 a ae +7 +22 +30 
| acids, m.eq. 
12 | Malic acid, m.eq. lll | —34.9 | —27.9| +160 | -16.9| —32.0 | —11.8| —16.9 | 6.5 —9.5 
13 | Citric acid, m.eq. 15.5 | +26.2 |) +17.2| +68.4 +11.0 | +16.6 | +13.7|) +25.7| +24.2|) +40.9 
14 | Oxalie acid, m.eq. 20 44 | +1 +4 | | 
15 | Succinic acid, m.eq. 0.6 +0.0) +0.4 | +129 | +0.6 +0.6 +1.0 | +1.6 | 2.1 +2.3 
16 | Minor acids, m.eq. 10 +0.5 +3.8 +6.1! 40.2; +40.7 -—0.5| +0.3 +0.6 +1.8 
17 | Phosphoric acid in citric acid 13 +0.1 +0.9 +3.5 +199 | +268 +140 | +210 | +133 +193 
| eluate, m.eq. | | 
18 | Phosphoric acid in water ex- 13 +0.0 +0.7 +2.3 | +209 +284 +147 | +218 +137 +199 
| tract, m.eq. | 
19 | Total P in tissue as phos- 24 +0.1 --0.2 +2.4 | +236 +313 +167 +245 +165 +239 
phoric acid, m.eq. | | | 
20 | Total P in ash as phosphoric 23 +225 | +309 +170 | +231 +168 +235 
| acid, m.eq. | | 
21 | Organic P in water extract as 5 +14 +11 +4 +2 +5 +12 
| phosphoric acid, m.eq. | | 











of organic solids from the samples cultured in phosphate solu- 
tions were all small in comparison with those from the control 
solutions cultured in potassium sulfate and in water, the losses 
from the samples cultured in secondary phosphate being the 
least. 

The uptakes of the several salts are calculated in Line 8 from 
the increases in potassium (Line 6), and are also shown in terms 
of milliequivalents of anion in Line 9. Inasmuch as the po- 
tassium content was determined by flame photometry in water 
extracts of the samples, a comparison with the increases in 
phosphate ion determined in the water extracts (Line 18) is of 
interest. The data agree within 5 per cent, but the determina- 
tions of the increases in total phosphorus in the tissues (as phos- 
phorie acid) in Line 19, the magnitudes of which are confirmed 
by the separate determinations of the total phosphorus in the 
ash (Line 20), suggest that the potassium may have been slightly 
underestimated. 

The effects upon the organic acids are shown in Lines 10 to 16. 
Line 10 gives the total titratable acidity in the eluates obtained 
with formic acid from the Dowex 1 analytical column. A 
quantity of phosphoric acid equal to two-thirds of that found by 
direct analysis in the pooled citric acid fractions (Line 17) is 
automatically included since the titrations of the individual 





fractions were made with phenolphthalein as indicator. A 
correction for this quantity of phosphoric acid has been applied 
in Line 11 which thus shows the effects of the treatment upon the 
nonvolatile organic acidity in these eluates. Oxalic acid is not 
eluted from the Dowex 1 column under the analytical conditions 
used, and separate determinations of this acid in the control 
samples are given in Line 14. The item “minor acids” in Line 16 
represents the sum of the acidity of the complex mixture of 
acids which is eluted in advance of succinic acid. The known 
components of this mixture are aspartic acid, quinic acid (5), 
p-glyceric acid (6), and glycolic acid which are all present in 
small amounts. In addition, Dr. George A. Barber of this 
laboratory has recently found chromatographic evidence for 
the presence of traces of glutamic acid and of at least two acidic 
peptides which on acid hydrolysis yielded glutamic acid and, 
respectively, four and seven other amino acid components. 
The amounts of these peptides present are, however, minute. 
An examination was also made of the forms of phosphorus in 
water extracts of the samples cultured in phosphate. No evi- 
dence was found for the presence of substances which yield 
phosphate on mild acid hydrolysis for the conventional 7 minutes, 
but small increases in the amounts of organically bound phos- 
phorus were detected. The data in Line 21 represent the differ- 
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ences between the total phosphorus and that initially present as 
phosphate. However, being small differences between large 
quantities, the figures have only limited quantitative significance. 

The data for starch are not shown since the fresh leaves con- 
tained only 0.8 gm. per kg., and merely traces could be detected 
after culture in the salt solutions. The protein nitrogen, which 
was 2.85 gm. per kg. in the fresh leaves, diminished by 0.13 gm. 
in the water control and substantially more in the samples 
cultured in inorganic salt solutions. 

Behavior of Organic Acids—The behavior of the acids in the 
control sample cultured in succinate at pH 7 indicates that this 
lot of samples was characterized by a vigorous organic acid 
metabolism. The uptake of succinic acid was unusually large, 
and both malic acid and citric acid increased remarkably. Un- 
fortunately, there was evidence from the increase in the total 
nitrogen content of this sample to 5.4 gm. per kg. of initial 
fresh weight, as compared with the mean nitrogen content of the 
other nine samples of 4.93 + 0.07 gm., that the specimen of 
succinic acid used in preparing the solution was contaminated 
with nitrogen. Less weight can accordingly be given to the 
details of the behavior of this sample than would otherwise be 
the case. 

The control samples cultured in water and in potassium 
sulfate showed minor losses of organic acidity (Line 11) as did 
those cultured in primary phosphate. These changes are prob- 
ably to be attributed to the effect of respiration. However, the 
samples cultured in neutral phosphate, and especially those 
cultured in secondary phosphate, gave evidence for an increase 
in organic acidity, in the last case of sufficient magnitude to 
require explanation. The data for malic acid (Line 12) indicate 
that extensive metabolic use was made of this substance in the 
samples cultured in water, in potassium sulfate, and in primary 
phosphate, but in the samples cultured in neutral and in second- 
ary phosphate, the drain upon the malic acid was greatly re- 
stricted. After 48 hours of culture in secondary phosphate, the 
loss of malic acid was only about one-fourth of that observed in 
the water control. 

Citric acid increased in the water control sample to about 
the same extent as is usually observed under the present experi- 
mental conditions, but the amount formed in the potassium 
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sulfate control was somewhat smaller. In the leaves cultured in 
primary phosphate solution, citric acid accumulated to about the 
same extent as in the potassium sulfate control, but in the leaves 
cultured in neutral phosphate, citric acid increased to the level 
of that found in the water control. In the leaves cultured in 
secondary phosphate solution, a marked additional increase 
occurred. 

With the exception of the sample cultured in succinate, none 
of the conditions of culture appeared to have had a noteworthy 
effect upon the succinic acid content of the leaves. The minor 
organic acids were also essentially unchanged. 

Data derived from the analytical results in Table I are shown 
in Table II. The ratio of the number of moles of malic acid 
which disappeared from each sample to the number of moles 
of citric acid which accumulated is shown in Line 1. As in many 
previous experiments, this ratio was 2.0 in the sample cultured 
in water for 48 hours, and was slightly higher in the sample 
cultured in potassium sulfate solution. The ratio was also 
somewhat high in the samples cultured in primary potassium 
phosphate, but was sharply depressed in the samples cultured in 
neutral and secondary phosphate solutions. This behavior is an 
indication that some of the citric acid found in these samples 
arose from a source other than malic acid. If it is assumed that 
all of the malic acid that disappeared was transformed into citric 
acid in the molar ratio of 2:1, the quantities of citric acid shown 
in Line 2 would have been produced. These quantities are de- 
ducted from the observed molar increases of citric acid (one-third 
of the data in Table I, Line 13) in Line 3. The small negative 
quantities found for the samples cultured in potassium sulfate 
and in primary phosphate illustrate the magnitude of the un- 
certainties in such calculations as this, and suggest that the small 
positive value found after culture of the leaves for 24 hours in 
neutral phosphate may also be negligible. However, the 
amounts found in the leaves cultured in secondary phosphate are 
undoubtedly significant. 

Another method to arrive at the approximate magnitude of the 
quantity of citric acid, the source of which is being sought, is to 
consider the changes in total nonvolatile organic acidity (Table 
I, Line 11). These are shown to three significant figures in Line 
4 of Table II, and the equivalent molar quantities of citric acid 


TABLE II 
Metabolic effects of uptake of potassium phosphate on tobacco leaves 
Data expressed in terms of 1 kg. of initial fresh weight of leaves. 











Changes during culture in darkness 

















Line No | cae — ” <The ER 
Water K2SO. KH2PO, KH2PO.-—K2HPO, KeHPO, 
| (pH 7.0) (pH 4.5) (pH 6.7) (pH 8.8) 
48 hrs. 48 hrs | 24 hrs. 48 hrs. | 24 hrs, | 48 hrs. 24 hrs. 48 hrs. 
1 | A Malie:4 citrie acids, molar ratio | 2.0 tin a Soe oe 0.4 0.4 
2 Citric acid assumed to be derived from | 8.7 7.0 4.2 8.0 | 2.9 | 4.2 1.6 2.4 
malic acid, mmoles 
3 Citrie acid derived from another source, | 0.0 -1.2 | -0.6 —2.5 | 1.6 | 4.4 6.5 11.2 
mmoles | 
4 4 Titratable organic acidity, m.eq. —7.4 —4.4 | —9.2 —19.0 +5.5 +7.4 +22.2 +29.8 
5 Equivalent of citric acid, mmoles 1.8 | 2.5 7.4 9.9 
6 Acidity assumed to be derived from bi- | | | 2.7 | 3.7 11,1 14.9 
| earbonate, m.eq. | | 
7 Carbon dioxide required, mmoles 1.4 1.8 5.5 7.5 
8 § “Malic acid” assumed to be metabolized | 34.9 22.9 14.6 22.1 18.3 | 34.3 32.3 54.5 
| 


to give rise to citrie acid, m.eq. 
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are given in Line 5. The amounts so calculated are closely 
similar to those shown in Line 3 although the calculation from 
the increase in acidity assumes that all of the observed change 
resulted from the formation of citric acid, 7.e. the possible validity 
of the small observed increases in succinic acid and other minor 
acids is neglected. 

In view of the fact that the culture solution of secondary 
phosphate at a pH of approximately 8.8 was exposed to the air of 
a small closed room in which a considerable mass of tobacco leaves 
was respiring, it is obvious that a favorable opportunity was 
presented for the absorption of carbon dioxide. Several lines 
of evidence may be put forward in support of the view that the 
source of the citric acid, which accumulated in the samples 
cultured in secondary phosphate, was bicarbonate ion which 
gradually accumulated in the alkaline culture solutions. In the 
first place, these two culture solutions became at least 0.5 of a pH 
unit more acid during the treatment of the leaves. If this were 
the result of a disproportion between the amounts of potassium 
ion and phosphate ion taken up, more equivalents of potassium 
would have been found in the leaves than of phosphate. The 
reverse was the case: Line 9 of Table I gives the uptake of 
phosphate calculated from the change in the potassium content, 
and Line 19 shows the increase in phosphate found. This was 
slightly larger in all samples. Secondly, the loss of organic 
solids from the leaves cultured in secondary phosphate solution 
was conspicuously smaller than the loss from the leaves cultured 
in neutral or primary phosphate solutions (Table I, Line 4). 
This could be the result of a somewhat inhibited respiratory 
process, but might also be accounted for by the assimilation of 
bicarbonate ion with a corresponding increase in organic solids. 
Lastly, the effect was observed to a notable extent only in the 
leaves cultured in the alkaline solution of secondary phosphate, 
and was thus unlikely to have been a specific effect of the acquisi- 
tion of a high concentration of phosphate ions. 

Although convincing proof of the origin of the citric acid is 
lacking, it is of interest to inquire into the consequences of 
the assumption that this acid arose from the metabolism of bi- 
carbonate ion acquired from the culture solution. If the enzy- 
matic reaction that occurs in the cells is one that involves a single 
carboxylation, the outcome would presumably be the formation 
of a 4-carbon dicarboxylic acid which would subsequently be 
converted to citric acid. Several enzymatic mechanisms are 
known which could bring this about. The point has been dis- 
cussed in some detail in a previous paper (1) in which it was 
shown, from analytical evidence, that citric acid is readily formed 
in leaves cultured in solutions of bicarbonate. Direct evidence 
has also been obtained by Stutz and Burris (7) that such a 
reaction can occur in tobacco leaves exposed in darkness to air 
containing radioactive carbon dioxide. Whatever the details of 
the mechanism may be, the quantities of carbon dioxide required 
to bring about the observed stimulation of the formation of 
citric acid can be calculated as shown in Lines 6 and 7 of Table 
II; one-half of the increase in organic acidity (Line 4) would 
arise from the bicarbonate ion taken up, the other half presum- 
ably from a product of the metabolism of the carbohydrates of 
the tissues. Line 6 shows the quantities of acidity which would 
have been formed on these assumptions, and Line 7, the cor- 
responding molar quantities of carbon dioxide required. It can 
be calculated from the increases in potassium and the changes 
in fresh weight of the two samples cultured in secondary phos- 
phate that, respectively, 240 and 350 ml. of solution per kg. of 


H. B. Vickery and C. C. Levy 


1307 


leaves were taken up during the culture periods. Accordingly, 
if the mean concentration of these solutions with respect to 
bicarbonate had been approximately 2 <X 10-° Mm, sufficient bi- 
carbonate ion would have entered the leaves to have brought 
about the effect observed provided that it were metabolized 
with maximal efficiency. The quantities of carbon dioxide 
required were, respectively, 220 and 300 mg. per kg. of leaves 
on the same assumption. 

Attention should be directed to one further point. The data 
in Line 12 of Table I seem to indicate that there was a marked 
interference with the metabolism of malic acid in the samples 
cultured in neutral and secondary phosphate. If, however, the 
assumption is sound that all of the citric acid which accumulated 
in these samples was derived from the transformation of malic 
acid actually or potentially present, it is possible to calculate the 
quantities of malic acid which must have become involved in the 
series of enzymatic reactions that occurred. On the assumption 
of a 2:1 molar ratio between the amounts of malic and citric 
acids concerned in the transformations, the data in Line 8 of 
Table II show the quantities of malic acid which would be re- 
quired to account for the citric acid produced. It is to be under- 
stood that the term ‘malic acid’’ as used here refers either to 
malic acid itself or to an equivalent quantity of a related 4- 
carbon dicarboxylic acid, depending upon the actual enzymatic 
mechanisms which were responsible for the conversions that 
occurred. There is clearly no suggestion in the figures that these 
mechanisms were in any way inhibited by the presence of a high 
concentration of phosphates. The calculated quantities of malic 
acid involved are of the same order as those observed in the 
controls. The data in Table I, Line 12, which suggest a dimin- 
ished utilization of malic acid in the samples cultured in neutral 
and secondary phosphate, thus most probably merely represent 
the net result of opposing reactions the actual extent of which 
can only be estimated indirectly. 


DISCUSSION 


Although the culture of tobacco leaves in solutions of phos- 
phate at alkaline reaction apparently gave rise to a promotion of 
the formation of citric acid and to a marked interference with the 
metabolism of malic acid, detailed examination of the analytical 
results suggest that the salt, even when present in high concen- 
tration, in fact had little effect upon the rate or extent of the 
transformations of organic acids that occurred. The only ap- 
parent specific effect observed was the formation of a small 
amount of water-soluble, organically-bound phosphorus, and 
even this was close to the limit of analytical detection. The 
enzyme systems concerned with the metabolism of organic acids 
appear to be remarkably tolerant of the presence of high concen- 
trations of salts. For example, it can be calculated that the 
concentration of phosphate in the sample cultured for 48 hours 
in primary phosphate had reached 0.15 m at the end of the exper- 
iment if it is assumed that the acquired phosphate was equally 
distributed in all of the water present in the tissues at that time. 
However, on the same assumption, the malic acid in this sample 
was present at 0.05 M, the citric acid at 0.014 m and the oxalic 
acid presumably at 0.02 mM. The salts of the organic acids alone 
were thus present at a concentration close to 0.1 m. In the 
sample cultured in succinate, the concentration of salts of organic 
acids ultimately reached 0.4 m. To be sure, some physiological 
damage ensued, as was evidenced by the wilting of many of the 
leaves, but there was no evidence that the enzyme systems were 
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notably affected. An even more extreme case was encountered 
in the course of a study of the curing of tobacco leaves (3), a 
process during which the leaves are hung in sheds and allowed 
to dry slowly. After 8 days of curing, the water content of 
leaves which weighed initially 1 kg. had diminished from 913 
to 172 gm. The potassium salts in the leaves were then at a 
concentration of 0.64 mM, but active enzymatic transformations 
of the organic acids as well as of many other components of the 
tissues continued for several days longer. 

What may indeed be a minor effect of the presence of abnor- 
mally high concentrations of salts in the tissues of tobacco 
leaves is apparent in the moderate increase that occurs in the 
molar ratio of the amount of malic acid that disappears to the 
amount of citric acid formed during the culture period. When 
tobacco leaves are cultured in water for 48 hours in darkness, 
this ratio is usually 2.0 or a little higher. Data from similar 
leaves cultured in 0.2 mM potassium sulfate usually show a some- 
what higher ratio; the control sample of the present experiment 
(Table II, Line 1) provides a typical example of this effect. 
However, no general rule can be detected from examination of 
the behavior of the acids in a number of experiments with dif- 
ferent sets of samples, and at present no satisfactory explana- 
tion can be advanced. 


SUMMARY 


The observation was recorded in a previous paper (1) that 
when excised leaves of tobacco are subjected to culture in dark- 
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ness in 0.2 m solutions of secondary potassium phosphate, citric 
acid accumulates to a greater extent than in the control leaves 
cultured in water. This observation has been confirmed, but 
the explanation seems to be that the leaves acquired bicarbonate 
ion which was slowly taken up from the air by the alkaline solu- 
tion during the culture period. It is known from previous 
experiments that bicarbonate ion supplied to such leaves in 
culture solutions is rapidly assimilated into citric acid. 

Although less malic acid disappeared from the leaves cultured 
in neutral or in secondary phosphate than from the leaves cul- 
tured in water, it is shown that there is no reason to assume that 
the relatively high concentration of salts ultimately present in 
the leaves interfered with the enzyme mechanisms concerned 
with the metabolism of malic acid. 

Aside from evidence for the accumulation of minor quantities 
of water-soluble substances which contain organically-bound 
phosphorus, no specific effect of the administration of phosphate 
at acid, neutral, or alkaline reaction was noted. It is concluded 
that the enzyme systems concerned with the metabolism of the 
organic acids of tobacco leaves are remarkably tolerant of the 
presence of abnormally high concentrations of salts. 
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Biochemistry of the Sphingolipides 


XI. STRUCTURE OF PHYTOGLYCOLIPIDE* 


Hersert E. Carrer, R. H. Giec,t Joun H. Lawt Tersar Nakayama,t AND EvELYN WEBER§ 


From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of Illinois, Urbana, Illinois 


(Received for publication, March 10, 1958) 


In a previous paper (2) we described the isolation from plant 
seed phosphatides of a novel phytosphingosine-containing phos- 
phoglycolipide and reported that this material contained phyto- 
sphingosine, fatty acid, phosphate, inositol, glucosamine, hexu- 
ronic acid, galactose, arabinose, and mannose. It is the purpose 
of this report to describe degradation studies which have led to 
the establishment of a partial structure for this complex lipide 
which we have designated phytoglycolipide. 

In the structural studies undertaken a critical consideration 
was the homogeneity of the material. In view of the variety of 
carbohydrate residues present it seemed possible that a mixture 
of lipides of similar molecular weight but varying in the carbo- 
hydrate components might be present. It was decided, there- 
fore, to investigate various alkaline degradation procedures in 
the hope of cleaving phosphate ester bonds without destroying 
glycosidic linkages. 

PGL' was rapidly cleaved by barium hydroxide hydrolysis 
into a chloroform-soluble and a water-soluble fraction. Al- 
though the yields of products were not as high as was hoped, 
the results were highly informative. From the water-soluble 
fraction a phosphorus-containing oligosaccharide fraction and a 
phosphorus-free oligosaccharide were isolated. The former was 
unstable as the free acid and has not been well characterized. 
The latter was a white, amorphous powder which contained 
inositol, glucosamine, hexuronic acid, galactose, arabinose, and 
mannose. The crude product gave a single spot in a multiple- 


*The soybean phytoglycolipide work was performed under 
contract with the United States Department of Agriculture and 
authorized by the Research and Marketing Act. The contract 
was supervised by Herbert J. Dutton and John C. Cowan of the 
Northern Utilization Research Branch, Agricultural Research 
Service, United States Departmet of Agriculture, Peoria, Illi- 
nois. The corn phytoglycolipide work was supported by Research 
Grants B-574(C3, 4) from the National Institute of Neurological 
Diseases and Blindness, National Institutes of Health, United 
States Public Health Service. Part of the material in this paper 
was taken from the thesis submitted by John H. Law to the 
Graduate College of the University of Illinois in partial fulfill- 
ment of the requirements for the degree of Doctor of Philosophy 
in Chemistry. A preliminary report of this work has been pub- 
lished (1). 

+ Postdoctorate Research Associate in Chemistry. 

t Present address, Converse Memorial Chemical Laboratory, 
Harvard University, Cambridge, Massachusetts. 

§ Present address, Department of Chemistry, Iowa State Col- 
lege, Ames, Iowa. 

1 The abbreviations used are: PGL, phytoglycolipide; and CPP, 
cerebronylphytosphingosine phosphate. 

* The complete removal of barium ions from the reaction mix- 
ture was very difficult, and the necessity of dealing with highly 
insoluble substances led to extensive losses of material. 


ascent paper chromatogram with an n-butanol-pyridine-water 
(6:4:5) system. Color tests and paper chromatogram behavior 
of hydrolysates indicated a roughly equimolar amount of each of 
the six substances, and the analytical data were consistent with 
a structure which contained 1 molecule of each of the six con- 
stituents. In these studies no evidence of the liberation of 
simpler carbohydrate components by alkaline hydrolysis was 
obtained. These results, therefore, provide strong evidence that 
the carbohydrate moieties of PGL are present in a single oligo- 
saccharide molecule and are not distributed in a mixture of 
different oligosaccharides. 

Although the phosphorylated oligosaccharide was not thor- 
oughly studied it was found to contain all six carbohydrates. 
This observation, together with the data on the previous isola- 
tion of inositol monophosphate from PGL (2), indicate that the 
monosaccharide constituents are joined through inositol phos- 
phate to the phytosphingosine portion. 

The chloroform-soluble fraction of the barium hydroxide 
hydrolysate contained approximately half of the original phos- 
phorus and consisted of a complex mixture. Ether extraction 
removed a small amount of phytosphingosine and some ceramide- 
like material. However, the major component of this fraction 
was a ninhydrin-negative, phosphorus-containing, acidic sub- 
stance which could be crystallized from a large volume of boiling 
ethanol. The white microcrystalline powder thus obtained gave 
analytical data and infrared spectra in agreement with the 
ceramide phosphate strucutre, CPP (I). 


O 


CH; (CH:);; CH—CH—-CH—-CH:0—P—OH 


OH OH NH OH 


= 
CHOH 
| 

ssa 


CH; 
I 


The free acid was unstable and decomposed slowly on standing. 
The dipotassium salt, however, was a stable, nicely crystalline 
substance which provided correct analytical data for the salt of 
structure I. The ceramide phosphate fraction was obtained in 
20 per cent yield, hence it could be prepared readily in quantity. 
The availability of this degradation product made it possible to 
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determine the point of attachment of the phosphate group to 
phytosphingosine and simultaneously to confirm the previously 
assigned configuration (3) of the amino carbon atom of phyto- 
sphingosine. The ceramide phosphate consumed exactly 1 mole 
of periodate. The properties of the 2 ,4-dinitrophenylhydrazone 
of the hexane-soluble aldehyde so produced were consistent with 
an n-pentadecanal structure. The phosphate-containing frag- 
ment, upon oxidation by permanganate and hydrolysis of the 
oxidation product, yielded L-serine (identified by analyses, paper 
chromatogram behavior, and specific rotation) plus some serine 
phosphate. These results establish conclusively that the amino 
carbon in phytosphingosine (like that in sphingosine) has a 
p-configuration with respect to the terminal carbon atom. The 
degradation steps are shown in the following reactions. 


O 


| 
CH, (CH:):1s CH—CH—CH—CH.0—P—OH 


OH OH NH OH 
| 
i 
R 
HIO, 
O O 
\ 
CH;(CH:2):;;CHO + a laa Baas 
H y OH 
~ 
R 
1 
O O 
\ | 
C—CH—CH.0—P—OH 
| 
HO NH OH 
| 
CO 
| 
R 
| 
RCO2H + 22 oleae 
OH NH: 


O 


HO—P—O—CH:.—CH—C0.H 


OH NH: 
R = CH,(CH:)21CH— 
| 


OH 


The barium hydroxide hydrolysis apparently cleaves the two 
phosphate ester bonds almost equally, and gives, on the one 
hand, ceramide phosphate plus oligosaccharide, and on the 
other, ceramide (or phytosphingosine plus fatty acid) and 
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oligosaccharide phosphate. On the basis of these results the 
following partial structure (II) of PGL is proposed: 





O 
| 
CH;(CH2):3CH—CH—CH—CH;—O—P—O Inositol 
Glucosamine 
OH OH on OH Hexuroniec acid 
Galactose 
i Arabinose 
R Mannose 
II 


Degradation of PGL with methanolic hydrochloric acid was 
also investigated. Drastic acid hydrolysis results in complete 
cleavage to phytosphingosine (and anhydro phytosphingosine) 
(3). Treatment of PGL with 0.6 n methanolic HCl, however, 
removed only galactose, arabinose, and mannose. Purification 
of the crude product by silicic acid chromatography gave a 
white, crystalline material, the properties of which were con- 
sistent with structure III below. The strong ester band in the 
infrared spectrum of this material provided the first clear evi- 
dence for the presence of a carboxyl group in PGL and led to 
the detection of the hexuronic acid moiety. 


O 





CH: (CH;):; CH—CH—CH—CH,0—P—O0—— Inositol 


Glucosamine 
OH OH NH OH Hexuronic acid 
oo methyl ester 
| 
R 
III 


The results described above suggested that mild acid degrada- 
tion of the oligosaccharide might yield partial cleavage products. 
With aqueous sulfuric acid the oligosaccharide lost galactose, 
arabinose, and mannose. Chromatography of the hydrolysis 
products over cellulose gave a nicely crystalline substance which 
contained inositol, glucosamine, and hexuronic acid. Analytical 
data were in excellent agreement with a “trisaccharide” derived 
from these 3 units. Color tests, titration data, and preparation 
of derivatives established the presence of a free amino group and 
of a carboxyl group. Somewhat more drastic acid hydrolysis 
gave a mixture of inositol, glucosamine, and a disaccharide 
containing only glucosamine and hexuronic acid. On paper 
chromatograms this material behaved exactly as did an authentic 
sample of hyalobiuronic acid (4).3 Further work is necessary to 
complete the structure proof, but these data indicate that the 
trisaccharide is an inositol glycoside of hyalobiuronic acid (IV). 




















be ja OH 
~ s ota -O-myo-inositol 
HO 
On NH, 
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3 The authors wish to express their appreciation to Dr. Karl 
Meyer for a sample of hyalobiuronic acid. 
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FREQUENCY (CM”) 


Fia. 1. Infrared spectra (in KBr) of phytosphingosine free base from corn PGL ( 


With these additional data the partial structure of PGL can be 
extended to structure V. 





O 
CH;(CH.);;CH—CH—C H—CH,—O—P—O Inositol 
| H Glucosamine 
OH OH im 0 Hexuronic acid 
coer 
CO Galactose 
| Arabinose 
R Mannose 


V 


Although a number of problems remain to be solved (com- 
plete characterization of the sugars, points of attachment of the 
monosaccharide units to each other and to inositol, stereo- 
chemistry of carbon-3 and carbon-4 of phytosphingosine), the 
over-all structure of this complex glycolipide now seems clear. 
We hope to answer the remaining questions in the course of 
current studies. 


EXPERIMENTAL 


The analytical methods and chromatographic procedures 
used are described in the previous paper (2) unless otherwise 
indicated. 

Barium Hydroxide Hydrolysis of Soybean PGL—Preliminary 
studies showed that treatment of PGL with 100 volumes of 
saturated Ba(OH):s solution for 6 hours at 100° gave almost 
complete hydrolysis.‘ Hydrolyses on a larger scale were, there- 
fore, undertaken. 

10 gm. of PGL were refluxed with 1 1. of saturated Ba(OH). 
solution for 6 hours. The hydrolysate was acidified to pH 1 
with concentrated HCl and extracted once with a 500-ml. por- 
tion of chloroform and twice with 250-ml. portions. The ex- 
tracts were combined and evaporated under reduced pressure. 
The chloroform-soluble fraction weighed 6.70 gm. The aqueous 
solution was treated with 3.0 n H.SO,, and the BaSO, was 
separated by centrifugation. The clear supernatant solution 
was treated with Dowex 2 (HCO;-) to bring the solution to pH 


‘If this alkaline mixture is strongly acidified with HCl, the 
long chain base nitrogen can be quantitatively extracted into 
chloroform. Thus, in the absence of sphingosine glycosides the 
McKibbin-Taylor (5) long chain base determination can be modi- 
fied by omission of the acid hydrolysis step. 


—) and from soybean PGL (----- ) 


4 or 5. Lyophilization of the deionized solution gave a water- 
soluble fraction weighing 2.60 gm. 

The chloroform-soluble fraction was triturated with 160 ml. 
of 5 per cent KOH and the resulting emulsion was extracted 
with one 450-ml. portion of ether and two 200-ml. portions to 
remove ceramide and phytosphingosine. The ether extracts 
were combined, washed with a small volume of water, and dried 
over NaSO,;. Evaporation of ether under reduced pressure 
gave a ninhydrin-positive residue which weighed 0.58 gm. This 
material was fractionated from methanol at 4°. The less 
soluble fraction was recrystallized three times from methanol to 
give 27 mg. of a snow-white, spherocrystalline, ninhydrin- 
negative material, m.p., 100-110°. The infrared spectrum and 
the elementary analyses (C, 75.22; H, 12.69; and N, 1.97) in- 
dicated that this material was a ceramide fraction. 

The methanol-soluble fraction was recrystallized twice from 
ether to give 33 mg. of white, microcrystalline phytosphingosine, 
with m.p. of 91.5-93°. 


CisHagO3N (317.50) 
Calculated: C 68.07, H 12.39, N 4.42 
Found: C 68.24, H 11.76, N 4.23 


The infrared spectrum of this material was nearly identical to 
that of authentic phytosphingosine, with the exception that it 
showed strong trans-double bond absorption at 970 em.~' (Fig. 
1). 

After the ether extraction the basic emulsion was acidified to 
pH 1 with HCl and extracted with 600 ml. of chloroform. The 
chloroform layer was separated by centrifugation and evapo- 
porated. A light yellow solid (4.15 gm.) was obtained (N, 1.6 
to 1.7 and P, 2.2). This ninhydrin-negative fraction was ex- 
tracted with ether in a Soxhlet apparatus to remove fatty acids. 
The ether-insoluble fraction (1.80 gm.) was dissolved in 30 ml. 
of pyridine, and the insoluble material was separated by filtra- 
tion. The filtrate was treated with an equal volume of acetone, 
and the precipitate which formed was separated by filtration 
after standing overnight at 4°. The precipitate was throughly 
washed with 5 per cent glacial acetic acid in acetone and dried. 
The analyses of this fraction (N, 1.96 and P, 4.02) disclosed it to 
be relatively pure ceramide phosphate. The yield, however, 
was very small (300 mg.). Further purification was achieved by 
dissolving the material in boiling methanol, adding 2.5 moles of 
methanolic KOH, and collecting the potassium salt which 
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formed. In this way the dipotassium salt of CPP was obtained 
in a crystalline form (decomposition point, 228-230°). 
Cy2HssNPKz (840.28) 


Calculated: C 60.03, H 10.08, 


1.6 
Found: 6 


N 1.67 
C 60.35, H 10.17, N 1.65 

Since it had been found that cerebronic acid was a minor 
fatty acid component of soybean PGL (2), a larger yield was 
expected in the case of corn PGL, and details of the isolation are 
described later in this paper. 

The water-soluble oligosaccharide fraction (2.60 gm.) was 
purified by precipitation with 4 volumes of ethanol from a 
concentrated aqueous solution. A white precipitate was ob- 
tained in a yield of 1.60 gm. (N, 1.46 and P, 0.05). 

The phosphorus-containing oligosaccharide fraction was 
retained by the Dowex 2 resin (see above). Recovery and 
purification of this material proved difficult because of its in- 
stability in acid solution. One fraction was eluted from the 
resin with 0.3 nN H.SO,, and the sulfate ion was removed with 
Ba(OH)2. After the BaSO, was removed by centrifugation the 
solution was lyophilized. Analysis of the resulting solids gave 
N, 0.83 per cent, and P, 1.14 per cent. Paper chromatograms of 
hydrolysates of this fraction indicated that it contained the 
same components as did the phosphorus-free oligosaccharide. 

Barium Hydroxide Hydrolysis of Corn PGL—Since the frac- 
tionation procedure as described above was rather complicated, a 
modified method was applied to obtain a reasonable amount of 
ceramide phosphate and oligosaccharide. In a typical run, 
three 20-gm. portions of PGL were hydrolyzed batchwise. Each 
portion was hydrolyzed with 1 1. of saturated Ba(OH), solution 
for 6 hours under reflux with occasional shaking. The hot 
hydrolysate was filtered through a medium fritted glass funnel, 
and the insoluble material was washed with a small volume of 
water. The yellow filtrate and washings were treated further 
for isolation of the oligosaccharide. 

The three insoluble fractions were combined and dried in a 
desiccator (yield, 46.6 gm.). The material was extracted with 
ether in a Soxhlet apparatus for 6 hours to remove free phyto- 
sphingosine and ceramide (0.71 gm.). The ether-insoluble frac- 
tion was triturated with 700 ml. of water, and the emulsion was 
stirred vigorously and acidified by the dropwise addition of 
H.SO, until the solution remained at pH 1. The emulsion was 
shaken with 600 ml. of chloroform and centrifuged. In this 
way a clear, water-soluble fraction and a chloroform-soluble 
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Fic. 2. Infrared spectra (in KBr) of CPP (dipotassium salt) from corn ( 
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fraction could be separated from BaSO,. A further quantity 
of oligosaccharide was recovered from this second water-soluble 
fraction, as described below. 

The chloroform-soluble fraction was washed with water and 
evaporated under reduced pressure. The residue (32.8 gm.) was 
extracted with 500 ml. of hot pyridine, and the insoluble materia] 
was separated by centrifugation. The supernatant solution was 
reduced to 150 ml., and 5 volumes of acetone were added. The 
precipitate which formed was allowed to stand overnight at 4° 
and was separated by centrifugation. The insoluble material 
was washed once with acetone-0.5 n HCl in a 3:2 proportion 
and then with anhydrous acetone, and was filtered onto a 
medium fritted glass funnel. The yield was 10.9 gm. This 
material was extracted with 1 |. of boiling ethenol, and a small 
amount of insoluble material was removed by filtration. The 
filtrate was maintained at 4° ov cnight and the crystalline 
precipitate was separated by filtration to give 5.28 gm. of CPP 
(N, 1.90 and P, 3.66). The pyridine-acetone-insoluble fraction 
and CPP are unstable and lose their solubility in alcohol on 
standing. 

The CPP was dissolved in 100 volumes of boiling ethanol, and 
2.5 moles of ethanolic KOH were added to this solution. A 
precipitate formed immediately. The vessel was maintained at 
4° overnight and the precipitate was separated by filtration to 
give a theoretical vield of CPP dipotassium salt (decomposition 
point, 215-216°). The infrared spectrum of this material was 
identical to that of the dipotassium salt of soybean CPP (Fig. 2) 


C42HssO0sNPKe (840.28) 
Calculated: C 60.03, H 10.08, N 1.67 
Found: C 60.33, H 11.06, N 1.71 


The three water-soluble filtrates obtained were cooled to room 
temperature and neutralized to pH 7.5 with 15 n H.SO,;. BaSO, 
was removed by centrifugation, and the solution was evaporated 
to 300 ml. and acidified to pH 1 with n H.SO,. The BaSO, 
was removed by filtration through Super-Cel (Johns-Manville), 
and the filtrate was brought to pH 4.5 by the addition of Dowex 
2 (HCO;-). The resin was removed by filtration and the 
filtrate was evaporated to 150 ml. The oligosaccharide was 
precipitated by the addition of 850 ml. of absolute ethanol and, 
after standing overnight, the precipitate was filtered off and 
dried. The yield of oligosaccharide was 9.56 gm. In addition, 


the second water-soluble fraction described above gave 5.44 gm. 
of oligosaccharide. 


Thus the total yield was 15.0 gm., a quantity 
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which represents approximately 46 per cent of the calculated 
yield of oligosaccharide from 60 gm. of PGL. The remainder 
consists of phosphorylated oligosaccharide (retained on the 
resin) and possibly some material adsorbed on the BaSO.. 

From the crude oligosaccharide analytical data which were in 
reasonable agreement with those of the postulated hexasac- 
charide were obtained. 


CasHs9Os0N-H2O (991.84) 
Calculated: C 42.38, H 6.20, N 1.41 
Found: C 42.62, H 6.79, N 1.36 


Periodate Oxidation of CPP—Several preliminary oxidations 
were performed and the degradation products were qualitatively 
characterized. 

The quantitative oxidations were carried out by suspension of 
a sample of CPP in methanol and addition of a 2-fold excess of 
NalO, solution. The mixture was shaken in the dark at 37°. 
Aliquots, taken after 1, 2, 4, 6, 8, and 24 hours, were titrated 
with arsenite in the usual way (6). Under these conditions CPP 
consumed 1.0 mole of periodate after 24 hours of shaking. 

Identification of Pentadecanal—Freshly prepared CPP (1524 
mg., 2 mmoles (N, 1.98; P, 3.94)) was suspended in 280 ml. of 
methanol, and 20 ml. of 0.2 m NalO, solution (4 mmoles) were 
added. The reaction was completed in 24 hours during which 
time 2.0 mmoles of periodate were consumed. The solution was 
then diluted with water to bring the content of the latter to 65 
per cent, and the reaction mixture was treated three times with 
300-ml. portions of hexane. The hexane fractions were com- 
bined and dried over NaSO,. The remaining solution was 
diluted with 80 ml. of water, and the methanol was removed in 
a rotary evaporator. The methanol-free emulsion was acidified 
to pH 1 with HCl and treated with 250 ml. of chloroform. The 
chloroform and hexane extracts were combined and evaporated 
under reduced pressure. 1.04 gm. of an oily material were ob- 
tained. One-quarter of this fraction, in a small flask, was 
distilled under a pressure of 3 mm. of Hg. The major portion 
distilled at 135-145°. This was dissolved in 5 ml. of boiling 
ethanol, and the solution was treated with 100 mg. of 2,4-di- 
nitrophenylhydrazine in an H.SO,-aqueous ethanol solution. 
The hydrazone formed immediately and was recrystallized twice 
from aqueous ethanol to give 19 mg. of pure material, m.p., 
108.5-109.5°. 

CaHssO.N, (406.52) 


Calculated: C 62.04, H 8.43, N 13.78 
Found: C 61.85, H 8.58, N 13.68 


Identification of Serine and Serine Phosphate—The aqueous 
emulsion was left overnight at room temperature after the 
addition of the calculated amount of ethylene glycol required to 
decompose the excess periodate. The solution was concentrated 
to 30 ml., and 10 ml. of 5 per cent KMnO, solution were added. 
The mixture was shaken for 24 hours at room temperature and, 
after decolorization with a few drops of 10 per cent NaSO; 
solution, the solution was lyophilized. The brown solid ob- 
tained was hydrolyzed by refluxing with 50 ml. of 6 N HCl for 
3 hours. The mixture was maintained at 4° overnight, and the 
solid layer was separated by filtration (fatty acid). The filtrate 
was lyophilized and the white, powdery residue was extracted 
with 100 ml. of boiling 0.5 N HCl in 85 per cent ethanol. The 
extract was concentrated to yield 500 mg. of a strongly ninhydrin- 
positive solid. A small amount (1.6 mg.) of this ninhy- 
drin-positive material was dissolved in 10 yl. of water and 
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chromatographed on Whatman No. | paper by means of a 
2-propanol-acetic »cid-water system (3:1:1). Serine, serine 
phosphate, and serine phosphate treated with 6 n HCl for 3 
hours were also spotted as standards. The following Rp values 
were observed. Sample, 0.11, 0.28; serine, 0.29; serine phos- 
phate, 0.1; serine phosphate refluxed for 3 hours with 6 x HCl, 
0.1, 0.26. 

The bulk of the product was dissolved in a small volume of 
water, and the solution was passed through a column of Dowex 
2 (OH-). The column was eluted with water to remove cations. 
The column was eluted with 250 ml. of 0.3 x HCI, and the eluate 
was lyophilized. The residue was dissolved in 10 ml. of water 
and applied to an IR-120 (H*) column (Amberlite, Rohm and 
Haas). The column was washed with 150 ml. of water (eluate 
brought to pH 4.5) and was eluted with 750 ml. of 0.3 ~ HCl 
and 250 ml. of x HCl until the eluate showed no ninhydrin 
reaction. The combined eluates were lyophilized and the 
product was dissolved in 5 ml. of water. Dowex 2 (HCO;) 
was added to bring the solution to pH 5, and the resin was 
removed by filtration and washed with 30 ml. of water. The 
strongly ninhydrin-positive filtrate was concentrated to 3 ml., 
and 25 ml. of absolute ethanol and 50 ml. of ether were added. 
The mixture was left overnight at 4°. 150 mg. of needlelike 
crystals were obtained. These were recrystallized in the same 
manner, and 70 mg. of pure serine were obtained (decomposition 
point, 240-245°, [a]p +17.5° (2 per cent solution in 0.1 x HCl)). 


C;H;NO; (105.1) 
Calculated: C 34.28, H 6.71, 
Found: C 34.29, H 6.77, 


N 13.33 
N 13.33 


The fatty acid fraction described above was decolorized 
with Darco in chloroform-methanol (4:1) and recrystallized 
twice from ethyl acetate. The final product melted at 95-100° 
and gave an infrared spectrum identical to that of cerebronic 
acid. 

Hydrolysis Studies on Oligosaccharide—The oligosaccharide 
was hydrolyzed for various periods with 2 Nn H.SO, at 100°, and 
the hydrolysates, when subjected to paper chromatography, 
revealed partial degradation products. Hydrolysis for 0.25, 
0.5, 1, 3, 6, or 18 hours liberated arabinose, mannose, and 
galactose. Glucosamine and inositol, however, could be de- 
tected only in the 3-, 6-, and 18-hour hydrolysates and became 
progressively more apparent, whereas the slow moving ninhydrin- 
positive spot at the origin decreased in intensity. 

The glucosamine-inositol-containing substance was subse- 
quently isolated in a crystalline form by cellulose column 
chromatography and was shown to be a trisaccharide. However, 
it was also found that the trisaccharide could be obtained in 
crystalline form without column chromatography, and the fol- 
lowing procedure was adopted. 

Preparation of Trisaccharide from Oligosaccharide—3 gm. of 
oligosaccharide were added to 100 ml. of hot 2s H.SO, The 
solution was refluxed for 30 minutes, cooled to room tempera- 
ture, neutralized to pH 7 with saturated Ba(OH), solution, and 
centrifuged to remove BaSO, The supernatant solution was 
concentrated to 50 ml. on the rotary evaporator, acidified to pH 
1 with n H.SO,, and filtered through Super-Cel. The filtrate 
was adjusted to pH 5 with Dowex 2 (HCO; ). The resin was 
removed and the filtrate was concentrated to 30 ml. Absolute 
ethanol was added until a faint turbidity was produced, and the 
solution was left at room temperature for 2 hours. The fine, 
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needlelike crystals were filtered, washed with 50 per cent aqueous 
ethanol, and dried (yield, 1 gm.). An additional 0.42 gm. of 
crystalline trisaccharide was obtained from the mother liquor 
by addition of more ethanol. 

The trisaccharide was recrystallized twice from water by add- 
ing ethanol as described above. The Dische carbazole test (2) 
was positive and paper chromatograms of hydrolysates revealed 
the presence of glucosamine and inositol. 


CysHaNOis (517.44) 
Calculated: C 41.78, H 6.04, N 2.71 
Found: C 41.42, H 6.37, N 2.50 


[a]>’ +120° (1 per cent solution in water). 

Methyl Ester of N-acetyl-O-decaacetyl Trisaccharide—Trisac- 
charide (100 mg.) was added to 25 ml. of 0.6 N methanolic HCl. 
The solid dissolved rapidly at room temperature. The solution 
was refluxed for 1 hour, cooled to room temperature, and poured 
into 200 ml. of anhydrous ether. The white precipitate was 
filtered and dried to give 104 mg. of material showing a sharp 
ester peak in the infrared spectrum (1735 cm.'). This ester 
was dissolved in a mixture of 5 ml. of acetic anhydride and 5 
ml. of pyridine. The solution was allowed to stand at room 
temperature for 5 hours and at 50° for 1 hour. Excess acetylat- 
ing agent was removed by evaporation under reduced pressure, 
and the product was recrystallized twice from methanol in the 
cold (m.p., 124-126°). 


CuHssNOx (993.86) 
Calculated: C 49.56, H 5.58, N 1.41 
Found: C 49.07, H 5.74, N 1.46 


Hydrolysis of Trisaccharide to Disaccharide—Trisaccharide 
(900 mg.) was heated with 20 ml. of 3 N HCl for 3 hours at 100°. 
The solution was diluted to 100 ml. with distilled water and 
adjusted to pH 5.0 with Dowex 2 (HCO;-). After filtration the 
solution was passed through a column which contained 40 ml. 
of Amberlite IR-120 (H+) and the column was washed with 
water. The eluate was concentrated under reduced pressure to 
give 200 mg. of crude inositol. The column was next eluted 
with 250 ml. of 0.3 Nn HCl, and the eluate was adjusted to pH 
5.0 with Dowex 2 (HCO;-). The filtered solution was ad- 
justed to pH 3 with acetic acid and evaporated to dryness under 
reduced pressure to yield 580 mg. of a white solid. This material 
was dissolved in 1 ml. of water and the solution was placed at 
the top of a cellulose column (50 X 2 cm.). The column was 
eluted with 2-propanol-acetic acid-water in a proportion of 
3:1:1. The flow rate under gravity was 0.3 ml. per minute, 
and 4-ml. fractions were collected. Paper chromatography of 
the eluted fractions showed the presence of glucosamine in 
Tubes 40 to 50 and of disaccharide in Tubes 55 to 100, with some 
overlapping in Tubes 50 to 55. The solutions in Tubes 55 to 
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100 were combined and evaporated to dryness to yield 180 mg. 
of material. Paper chromatographic comparison of this materia] 
with a sample of hyalobiuronic acid showed that the two com- 
pounds ran identically in 2-propanol-acetic acid-water (3:1:1), 
In descending chromatography on Whatman No. 1 paper the 
distance traveled was 16 cm. in 40 hours. Further chemical 
studies on this disaccharide are under way. 

Hydrolysis of PGL with Methanolic HCI—A 3.51-gm. sample 
of soybean PGL was refluxed for 3 hours with 160 ml. of 0.6 x 
HCl in anhydrous methanol. The clear hydrolysate was left 
overnight at 4°. The white precipitate which separated was 
filtered in the cold and washed with a small volume of cold 
methanol. The methanol-insoluble fraction thus obtained 
weighed 1.81 gm. (54.3 per cent). The product was recrystal- 
lized three times from a 2:1 chloroform-methanol mixture. The 
purified material weighed 1.11 gm. (31.8 per cent) and was 
Molisch-negative (N, 1.88; P, 2.14; and long chain base N, 
0.95). This material gave a strong ester peak in the infrared at 
1735 em, 

A similar material was obtained by silicic acid chromatography 
of the crude methanol-insoluble fraction. A silicic acid column 
(20 2 em.) was packed in chloroform and washed with a 4:1 
chloroform-methanol mixture. The material (1.13 gm.) was 
dissolved in 20 ml. of chloroform-methanol mixture (4:1) and 
applied to the top of the column. The column was then de- 
veloped with chloroform-methanol, in proportions of 4:1, 1:1, 
and 1:4, and with methanol. In each case 2 hold-up volumes 
of solvent were applied. After completion of elution with the 
4:1 mixture, a sharp weight peak was obtained (170 mg., or 15 
per cent, of the total methanol-insoluble fraction). This ma- 
terial was a white, hygroscopic solid which decomposed at 205- 
210°. It was negative in the Molisch test and positive with the 
carbazole reagent. Paper chromatograms indicated the pres- 
ence of inositol and glucosamine. The analytical data were in 
reasonable agreement with those of the postulated formula III. 


Calculated: C 54.08, H 8.59, N 2.33, P. 2.58 
Found: C 54.09, H 9.01, N 2.17, P. 2.38 


SUMMARY 


Structural studies are described on phytoglycolipide, a com- 
plex phytosphingosine-containing glycolipide obtained from 
plant seeds. Alkaline degradation of corn or soybean phyto- 
glycolipide gives, among other products, cerebronylphyto- 
sphingosine phosphate and an oligosaccharide which contains 
inositol, glucosamine, hexuronic acid, galactose, arabinose, and 
mannose. Acid hydrolysis of the oligosaccharide gives a high 
yield of a trisaccharide which contains hexuronic acid, glucos- 
amine, and inositol. On the basis of these data a tentative 
structure for phytoglycolipide is proposed. 
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The role of cytidine coenzymes in phospholipide biosynthesis 
is now well established (1, 2). Since sphingomyelin has a 
phosphorylcholine (PC) moiety similar to that found in lecithin, 
it has been proposed (3) that it is synthesized enzymatically 
jn a reaction in which the phosphorylcholine moiety of CDP- 
choline is transferred to the free primary hydroxyl group of a 
ceramide (N-acylsphingosine) to form sphingomyelin and CMP, 
as shown in Equation 1. 


Ceramide + Cyt-P-P-choline = sphingomyelin + CMP = (1) 


This reaction is similar to the PC-glyceride transferase reaction 
(1). 

It is the purpose of this report to describe some of the prop- 
erties of an enzyme (PC-ceramide transferase) found in chicken 
liver and other tissues which catalyzes such a reaction. A pre- 
liminary account of some aspects of this work has been pub- 
lished (4). 


EXPERIMENTAL 
Materials and Methods 


A particulate enzyme fraction was prepared from fresh frozen 
chicken liver (Swanson’s brand) which was bought at the local 
market. The livers were thawed, minced, and homogenized in 
4 volumes of ice-cold 0.25 m sucrose containing 0.001 m Versene 
(disodium salt of ethylene diaminetetraacetate, Dow Chemical 
Company) in an all glass Potter-Elvehjem type of homogenizer. 
Nuclei, debris, and whole cells were removed by centrifugation 
for 5 minutes at 500 X g at 0°. A particulate fraction was 
obtained by centrifugation at 18,000 X g for 20 minutes at 0° 
with the use of a Servall refrigerated centrifuge. The pellet 
was resuspended and washed twice in sucrose-Versene solution. 
It was finally taken up in 0.02 m Tris! buffer, pH 8.0, and 0.001 m 
Versene in a concentration of 20 to 40 mg. of protein per ml. 
and stored at —20° for use as required. These preparations 
contained both mitochondria and microsomes. Since pre- 
liminary experiments indicated that both types of intracellular 
particles contained approximately the same enzymatic activity, 
further fractionation was not attempted. 

Phosphorus determinations were done by the method of Fiske 
and SubbaRow (5). Ester values were obtained by the method 
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described by Rapport and Alonzo (6). Determination of 
plasmalogen aldehyde was done by the method of Wittenberg 
et al. (7), and ninhydrin determinations, by the method of 
Cocking and Yemm (8). C, H, and N analyses were done by 
Micro-Tech Laboratories, Skokie, Illinois. CDP-choline labeled 
with C" in 1,2-positions of choline was prepared as described 
previously (9). 

Sphingomyelin from chicken liver was prepared in the following 
manner. An acetone powder was made from a large batch of 
frozen chicken livers (6 kg.). The acetone powder was extracted 
with ether for 48 hours with the use of a Soxhlet extractor to 
remove ether-soluble lipides. The residue was then extracted 
four times with 10 volumes of hot methanol. The methanolic 
extracts were combined, and enough methanolic KOH was added 
to make the extract 0.4 nN. The mixture was then incubated 
at 37° for 2 hours to remove alkali-labile phospholipides. After 
cooling, the KOH was neutralized with HCl and the methanol 
evaporated under vacuum to a small volume. The lipides were 
then extracted with chloroform, and the extract was thoroughly 
washed with water. The chloroform was removed and the 
lipides were dried in a vacuum, then chromatogra»hed on 
alumina (Merck reagent grade) by means of the gradient elution 
technique described by Busch et al. (10). The lower mixing 
chamber contained 300 ml. of chloroform, and the upper reservoir 
contained a mixture of chloroform-methanol (1:1). 

Approximately 200 gm. of alumina were treated with chloro- 
form to give a slurry which was then poured into a column 30 
em. high and 3 cm. in diameter. The bed was thoroughly 
washed with chloroform before addition of the crude sphingo- 
myelin. The sphingomyelin (10.5 gm.) dissolved in about 200 
ml. of chloroform was then adsorbed on the column, which was 
washed with several portions of chloroform and then eluted. 
Three 9-ml. fractions were collected per hour with the aid of a 
fraction collector. 9.3 gm. of lipide were obtained in tubes 25 
to 45 inclusive. After chromatography, the lipide was further 
purified by recrystallization several times from ethyl acetate 
to which a little methanol was added. The sphingomyelin 
thus obtained contained negligible ester (6) and no detectable 
plasmalogen (7). The N:P was 1.96. 


Analysis 
C 66.82, H 11.77, N 3.10, P 3.50 


Beef heart sphingomyelin was a gift of Sylvana Company. 
It was further purified by thorough washing with ether to remove 
any lecithins and by chromatography on an alumina column as 
described above. Analysis indicated a negligible amount of 
ester (6) and approximately 1 per cent of plasmalogen (7). 
The N:P was 1.94. 
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Analysis 
C 64.40, H 11.60, N 3.43, P 3.90 


Ceramides were prepared from sphingomyelins with lecithinase 
D present in Clostridium perfringens Type A toxin (11) by a 
method based on the work of Macfarlane (12). The enzyme 
was a gift of Lederle Laboratories. To a flask were added 
the following: 10 mmoles of Tris buffer, pH 7.4, 2 mmoles 
of Ca++, 200 mg. of enzyme, and 200 mg. of sphingomyelin 
emulsified in water in a final volume of 200 ml. 100 ml. of 
ethyl ether were added and the reaction mixture was stirred at 
room temperature until the aqueous phase became clear. The 
reaction was usually complete in 2 to 4 hours. The extent of 
cleavage as determined by measurement of acid-soluble phos- 
phorus (5) was 95 per cent. The addition of ether was found 
to stimulate the rate of cleavage of sphingomyelin in a manner 
similar to that found by Hanahan and Vercamer (11) in the 
cleavage of lecithin by lecithinase D. The ceramide which was 
in the ether phase was then purified by chromatography on a 
column of silicic acid-Celite, with gradient elution. The column, 
15 em. high and 1 cm. in diameter, contained 7 gm. of silicic 
acid-Celite (5:2). The silicic acid (Merck reagent grade) was 
activated by heating at 110° for 15 hours. The Celite was a 
product of Johns-Manville (No. 503). Fractions containing 
5 ml. of solvent were collected with the aid of a fraction collector. 
The ceramide appeared in tubes 4 to 10, inclusive. 

Since this paper will be concerned with several of the 8 possible 
isomers of sphingosine, the terms sphingosine or erythro-sphingo- 
sine will be applied to v-erythro-1,3-dihydroxy-2-amino-4- 
trans-octadecene which is the structure that has been assigned 
to the sphingosine isolated as a hydrolysis product of cerebrosides 
(13, 14). The term threo-sphingosine will be applied to D- 
threo-1 ,3-dihydroxy-2-amino-4-trans-octadecene. 

Sphingosine isomers were gifts of Dr. H. E. Carter, Dr. P. 
O’Connell, and the Upjohn Company, and Professor C. A. 
Grob and Ciba Pharmaceutical Products, Ine. Sphingosine 
was also prepared from ceramide and cerebroside as described 
below. 

The N-acyl derivatives of the various sphingosine isomers 
were prepared by a method similar to that described by Carter 
et al. (13). The N-acetyl-, N-propionyl-, and N-succinyl- 
sphingosines were prepared with the use of the anhydrides of 
the respective acids. N-butyryl, N-octanoyl, N-lauryl, N- 
palmitoyl, N-oleyl, and N-linoleyl derivatives were prepared 
by use of the acy! chlorides of the respective acids. The prepara- 
tion of N-acetylsphingosine will be described in detail as a 
representative procedure. 

To 35 mg. (100 uwmoles) of sphingosine sulfate were added 0.5 
ml. of 2.6 ns NaOH and 2 ml. of ethyl ether. The mixture was 
shaken vigorously until all the sphingosine sulfate had been 
converted to the free base. An emulsion formed as the sphingo- 
sine dissolved in the ether phase. 40 mg. (400 yumoles) of 
acetic anhydride dissolved in anhydrous ethy! ether was added 
in several portions with vigorous shaking and cooling in an ice 
bath. The emulsion disappeared during the acetylation. The 
ether layer was removed and then washed with water until it 
was free from base. The ether was evaporated and the residue 
chromatographed on silicic acid with the use of gradient elution 
in the same manner as described for the purification of ceramides. 
Three fractions of 5 ml. each were collected per hour with a 
fraction collector. The N-acetylsphingosine appeared in tubes 
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7 and 8, a total of 26.4 mg. (75.5 umoles) being obtained. A 
small amount (6 mg.) of unchanged sphingosine appeared in 
tubes 15 and 16. 

All the N-acyl derivatives were purified in the manner just 
described. Yields varied from 75 to 100 per cent. All the 
derivatives gave a negligible ester value (6) and a negative 
ninhydrin reaction (8) which indicates that O-acyl derivatives 
and sphingosine were not present. 

Cerebrosides were prepared from beef spinal cord lipides ag 
described by Carter et al. (13), and other preparations were a 
gift of Dr. Oscar Reiss. 

RESULTS 

The first experiments on the enzymatic synthesis of sphingo- 
myelin were carried out by measuring the transfer of the phos- 
phorylcholine moiety of CDP-choline to an alkali-stable lipide, 
The assay was carried out as follows: The enzymatic reaction, 
which was usually run in a volume of 1 ml., was stopped by the 
addition of 3 ml. of absolute methanol. The labeled lipides 
were extracted four times with 3-ml. portions of methanol at 
55° for 5 minutes. To the combined extracts, in a glass-stop- 
pered vessel, enough methanolic KOH was added to make the 
solution 0.4 N. This mixture was then incubated at 37° for 2 
hours, thereby hydrolyzing alkali-labile phospholipides. After 
incubation, the tubes were cooled and the solution neutralized 
with acid. 5 ml. of chloroform were then added and the entire 
contents thoroughly mixed. 20 ml. of 2 m KCl were added to 
each vessel, which was then inverted about 100 times. The 
upper aqueous phase was then removed and discarded. The 
extraction with 2 m KCl was repeated three times to insure 
complete removal of water-soluble radioactive contaminants. 
Each tube was finally washed with 20 ml. of water. Aliquots 
of the chloroform phase were then plated in aluminum cups, 
dried, and counted in a gas flow counter under conditions of 
negligible self-absorption. Control experiments showed that 
labeled lecithin is completely destroyed under these conditions, 
whereas sphingomyelin is quite stable. 

Various compounds which might possibly act as lipide ac- 
ceptors for the phosphorylcholine moiety of CDP-choline were 
tested, with the formation of radioactive alkali-stable lipide as 
an index of activity. The results are shown in Table I. The 
addition of free sphingosine or of a ceramide, derived from 
chicken liver sphingomyelin by the enzymatic method already 
described, did not significantly stimulate the formation of 
radioactive sphingomyelin from labeled CDP-choline. However, 
a crude ceramide prepared by partial hydrolysis of cerebroside 
(phrenosine) with acetic-sulfuric acid by a procedure of Klenk 
(15) promoted an extensive synthesis into radioactive alkali- 
stable lipides. Further experiments revealed that free sphingo- 
sine treated with acetic-sulfuric acid or propionic-sulfuric acid 
under the same conditions also stimulated incorporation into 
an alkali-stable lipide. These enzymatically active ceramides 
were isolated by chromatography on silicic acid, by means of 
the procedures described above. The active ceramides had 
properties to be expected of N-acetyl or N-propiony! derivatives 
of sphingosine or some isomer of sphingosine. Thus, no signifi- 
cant loss of activity was noted when the active ceramide was 
treated with nitrous acid, periodic acid, or mild alkali, which 
indicates that a free amino group or ester linkages were either 
absent or not essential for activity. Since the active materials 
contained short chain fatty acids, « long chain fatty acid is not 
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a necessary constituent of an active ceramide in this enzymatic 
reaction. The chemical nature of active ceramides will be more 
fully discussed in a later section of this paper. 

Identification of Radioactive Product as Sphingomyelin—In 
order to identify the product of the reaction, the following experi- 
ment was performed. To a flask were added 5 mmoles of Tris 
buffer, pH 7.4; 2 mmoles of cysteine; 1 mmole of Mn++; 80 
pmoles of CDP-choline labeled in 1 ,2-position of choline (16,100 
cp.m. per umole); 100 mg. of Tween-20 (polyoxyethylene 
sorbitan monolaurate, Atlas Powder Company); 400 umoles of 
active ceramide (prepared by the treatment of sphingosine with 
propionic-sulfuric acid); and 25 ml. of chicken liver particles in 
a final volume of 100 ml. The mixture was extracted, treated 
with alkali, and taken up in chloroform in a manner identical 
to that used in the assay procedure. It was then purified by 
chromatography on silicic acid by means of the gradient elution 
technique. The mixing vessel contained 300 ml. of chloroform, 
and the upper reservoir, a mixture of chloroform-methanol (1:1). 
The column, 28 em. high and 1.2 em. in diameter, contained 14 
gm. of silicic acid-Celite (5:2). Three fractions of 14 ml. each 
were collected per hour. The results of the chromatography 
are shown in Fig. 1. A single radioactive peak was obtained, 
containing 28.5 mg. of lipide and a total of 573,000 counts. 
The maximal specific activity of the lipide if it were completely 
pure would be that of the CDP-choline used, or 16,100 ¢.p.m. 
per ymole). With a molecular weight of 521 for sphingomyelin, 
which contains propionic acid in amide linkage, the specific 
activity of this fraction was 10,500 c.p.m. per wmole, indicating 
a minimal purity of 65 per cent. After two recrystallizations 
from ether, the specific activity rose to 15,400 c.p.m. per umole, 
indicating a purity of about 96 per cent. 

The purified material was identified as sphingomyelin by the 
following properties: (a) stability toward mild alkali, (6) N:P 
of 2.08; (c) insolubility in ether and acetone; (d) infrared spec- 
trum similar to that of authentic sphingomyelin;? (e) cleavage 
by lecithinase D regenerating the active ceramide. 

A less purified sample of the isolated lipide (estimated purity, 
81 per cent) contained 5.05 per cent P and 4.77 per cent N, or 
86 and 89 per cent, respectively, of the theory, calculated for 
sphingomyelin with propionic acid in amide linkage. 

A control experiment was carried out with identical conditions 
of extraction and chromatography, except that boiled enzyme 
was used. Less than 0.5 umole of phospholipide was isolated 
in the fractions corresponding to those containing the labeled 
sphingomyelin, indicating that the labeled lipide isolated above 
is the product of a net enzymatic synthesis. 

Chemical Identification of Active Ceramide—Since the active 
ceramide prepared by the treatment of sphingosine with acetic- 
sulfuric acid appeared to have properties resembling those of 
N-acetylsphingosine, it was decided to prepare the latter com- 
pound by an unambiguous route for testing in this system. 
It was preferable to work with the N-acetyl rather than the 
N-propiony! derivatives, because much more information is 
available in the literature concerning the N-acetyl compounds. 

A crude preparation of sphingosine sulfate was obtained by the 
hydrolysis of phrenosine with sulfuric acid in methanol by the 
method of Carter et al. (13). This material was freed of dihydro- 
sphingosine sulfate by recrystallization from methanol (13) but 


?'The authors are indebted to Dr. H. 
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TaBLeE I 
Effect of lipide acceptors on incorporation of P-choline into 
alkali-stable lipide 

Each tube contained 0.25 ml. of chicken liver particles; 20 
umoles of cysteine; 50 wmoles of Tris buffer, pH 7.4; 1 mg. of 
Tween-20; 4 umoles of lipide acceptor as shown; 10 umoles of 
MnCl;; and 0.8 wmoles of CDP-choline-1,2-C™ (16,000 ¢.p.m. per 
umole) in a total volume of 1 ml. The tubes were incubated at 
37° for 2 hours. 


Alkali- 

No. Additions stable 
lipide 

synthesized 

mumoles 
1 None 2 
2  Sphingosine 1 
3 Ceramide (obtained by cleavage of chicken liver 1 


sphingomyelin with lecithinase D) 
4 Cerebroside-ceramide (obtained by hydrolysis 66 
of phrenosine with acetic-sulfuric acid by the 


method of Klenk (15)) 





5 | Sphingosine (treated with acetic-sulfurie acid 120 
in the same manner as the phrenosine) 
6 Sphingosine (treated with propionic-sulfuric 540 
acid in the same manner as phrenosine) 
still consisted of a mixture of isomers of sphingosine. Crude 


N-acetylsphingosine was prepared from the crude sphingosine by 
treatment with acetic anhydride in ether and in the presence of 
alkali (13). This crude N-acetylsphingosine was enzymatically 
active in promoting the synthesis of sphingomyelin (Table II, 
No. 1). 

Since N-acetylsphingosine is an amorphous material, it was 
purified by converting it to the crystalline triacetylsphingosine, 
which was then recrystallized (13). The crystalline triacetyl- 
sphingosine was then reconverted quantitatively to N-acetyl- 
sphingosine by mild treatment with alkali (13). It showed little 
activity in the enzymatic assay (Table II, No. 2). However, 
treatment of the purified N-acetylsphingosine with acetic- 
sulfuric acid converted it to “active ceramide” (Table II, No. 3). 


HROMATOGRAPHIC ISOLATION 
OF LIPIDE ON SILICIC ACID 
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Fig. 1. Chromatography of alkali-stable lipide on silicic acid 
Details are given in the text. 
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TaBLeE II 
Ceramide requirement for incorporation of P-choline 
into sphingomyelin 


Conditions of the experiments are identical to those described 
in Table I. 











} a | Sphingo- 
No. | Additions myelin 
synthesized 
| mpmoles 
1 | N-acetylsphingosine (crude mixture) 85 
2 N-acetylsphingosine (from recrystallized triace- 17 
|  tylsphingosine) 
3 | N-acetylsphingosine (No. 2 treated with HAC- 155 
| H.SO,) 
Tase III 


Configuration of active ceramide required for enzymatic synthesis 
of sphingomyelin 
Each tube contained 50 umoles of Tris buffer, pH 7.4, 4 umoles 
of MnClz, 20 wmoles of cysteine, 5 mg. of Tween-20, 0.8 wmoles of 
CDP-choline-1,2-C", 4 umoles of N-acetyl-pL-sphingosine isomer, 
and 0.25 ml. of chicken liver particles in a final volume of 1 ml. 
The tubes were incubated for 2 hours at 37°. 





Sphingomyelin 


Semple synthesized 
mymoles 

Experiment 1 

N-acetyl-pi-erythro-trans-sphingosine* 4 

N-acety|-p.-threo-trans-sphingosine* 105 
Experiment 2 

N-acetyl-pL-erythro-trans-sphingosinet.......... 5 

N-acetyl-pi-threo-trans-sphingosinef.... . ohh 83 

N-acetyl-pL-erythro-cis-sphingosinet. .. 1 

N-acetyl-pi-threo-cis-sphingosinef. . . 1 





* The sphingosine samples from which these N-acetyl deriva- 
tives were prepared were gifts of Dr. Paul O’Connell and the 
Upjohn Company. 

+ The sphingosine samples from which these N-acetyl deriva- 
tives were prepared were gifts of Professor C. A. Grob and Ciba 
Pharmaceutical) Products, Inc. 


The triacetylsphingosine obtained by the method of Carter 
et al. (13), and consequently the N-acetylsphingosine prepared 
from it, has been definitely established as possessing the p- 
erythro-trans structure (14). The results reported in Table II 
show that active ceramide is not p-erythro-1 ,3-dihydroxy-2- 
acetamido-4-trans-octadecene, but is probably a closely related 
isomer which is formed upon treatment with acid. 

Two principal possibilities were considered: the double bond 
of the sphingosine moiety of the active ceramide might be cis 
instead of trans, or the hydroxyl group on carbon 3 might have 
the threo rather than the erythro configuration. The chemical 
synthesis of sphingosine by Shapiro and Segal (16) and by Grob 
and Gadient (17): has made many pure sphingosine isomers 
available, and it became possible to resolve this problem upon 
receipt of generous gifts of synthetic sphingosine isomers from 
Dr. Paul O’Connell and the Upjohn Company and from Professor 
C. A. Grob and Ciba Pharmaceutical Products, Ine. The 
sphingosine isomers were converted to the N-acetyl derivatives 
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and then tested for enzymatic activity. The results are shown 
in Table III. Only the pi-threo-trans-sphingosine isomer was 
found to be active as an acceptor of the phosphorylcholine 
moiety of CDP-choline. 

Nature of Sphingosine Moiety of Sphingomyelin Isolated from 
Tissues—Most of the work on the structure of sphingosine in 
sphingolipides has been carried out on sphingosine isolated as a 
product of hydrolysis of cerebrosides (14) and it has been 
generally assumed that the sphingosine moiety of sphingomyelin 
has the same structure. A study of the infrared spectrum of 
sphingomyelin by Marinetti et al. (18) and Marinetti and 
Stotz (19) led to the conclusion that the sphingosine of sphingo- 
myelin also has a trans double bond, but the presence of the 
phosphate diester linkage in the sphingomyelin made interpreta- 
tion difficult. We have therefore examined the infrared spee- 
trum of the ceramide derived from the sphingomyelin of beef 
heart by the action of lecithinase D, and we found a prominent 
peak at 10.3 uw, due to the trans double bond, thus confirming 
the earlier conclusion of these authors. 

The unexpected finding (Table III) that the ceramide which is 
enzymatically converted to sphingomyelin must possess the 
threo and not the erythro configuration made it of great interest 
to determine whether the sphingosine of sphingomyelin isolated 
from tissues is threo or erythro. Accordingly, ceramides pre- 
pared enzymatically from chicken liver and beef heart sphingo- 
myelin were hydrolyzed to sphingosine with barium hydroxide 
under conditions not expected to cause isomerization (14). 
The sphingosine samples so obtained were converted to the 
N-acetyl derivatives in the usual way. The N-acetyl deriva- 
tives so obtained had little activity in the enzyme system (Table 
IV, Nos. 1 and 3) and therefore must be predominantly or 
entirely of erythro configuration. Treatment of these N-acetyl- 
sphingosines with acetic-sulfuric acid converted them to “active 
ceramide,”’ i.e. N-acetyl-threo-sphingosine, in the expected 
manner. In a control experiment, a sample of N-acetyl-threo- 
sphingosine was carried through the entire barium hydroxide 
hydrolysis, hydrolyzed to the free base and, reacetylated without 
loss of activity. 

Further experiments will be necessary to determine if the 
slight activity of the N-acetyl sphingosines derived from sphingo- 
myelins (Table IV, Nos. 1 and 3) should be attributed to the 


TaBLe IV 
Nature of sphingosine moiety of sphingomyelin isolated from tissues 
Experimental conditions were identical to those shown in Table 
III. The isolation of sphingosine from the samples of sphingo- 
myelin by methods chosen to minimize isomerism is described in 
the text. 


Sphingo- 

No. Sample myelin 
synthesized 
mpmoles 

| N-acetylsphingosine (sphingosine obtained from 20 


chicken liver sphingomyelin) 


2 | N-acetylsphingosine (No. 1 activated with 150 
HAC-H.S0,) 

3 N-acetylsphingosine (sphingosine obtained from 20 
beef heart sphingomyelin) 

4 N-acetylsphingosine (No. 3 activated with 175 


HAC-H»SO,) 
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“a TABLE V 
a Effect of other substrates as lipide acceptors for P-choline : 
Experimental conditions were identical to those in Table III. Zz 
, seal ons . J 
ie: Sample Sphingemrctia 5 175, : 
18 a mymoles 38 
— N-acetyl-pL-threo-dihydrosphingosine*.... . . 1 Fy >t 
elin N-acetylphytosphingosinet eae 1 77) 
1 of N-acetyl-pL-threo-1,3-dihydroxy -2-amino-octadec- wz 
and Se es sa ale Bd or 160 34 les 
1go- N-oet anoyl-pL-threo-1 ,3-dihydroxy-2-amino-octa- E 
the Cee : realm iN sie 208 e 
~ eS see 100} 
a. * Gift of Dr. H. E. Carter. 
Jeef + Gift of Dr. P. O’Connell and the Upjohn Company. 
ent ' , 25. 35 45 55 
jing occurrence of a small proportion of threo-sphingomyelin, or a TEMP. °C. 
slight conversion of erythro- to threo-sphingosine during hydrol- 
his ysis, or an incomplete specificity of the enzyme. Fic. 3. Effect of temperature on activity. Experimental con- 
th Determination of Threo or Erythro Configuration of Enzy- ditions were identical to those in Table III. Active ceramide 
; matically Synthesized Sphingomyelin—Since N-acetyl-pi-threo- made by the treatment of sphingosine with propionic-sulfuric 
a trans-sphingosine was required for the enzymatic synthesis ef acid was used as substrate. Temperature was varied as shown. 
ore: sphingomyelin, whereas the sphingomyelin which is isolated 
g0- from tissues is largely or entirely erythro, the possibility was 7 
ide considered that conversion from threo to the erythro configura- - 
14), tion took place during enzymatic synthesis of sphingomyelin ~ 
the itself. The enzymatically synthesized lipide was therefore 7) 
we isolated, purified as described, and then cleaved with lecithinase _T 
tble D to produce a ceramide. This ceramide had enzymatic activity € 
pe which was equal to that of the original ‘‘active ceramide,” and - 
tyl- was thus of the threo configuration. Therefore, isomerization 2 
en of the sphingosine moiety from threo to erythro does not take wv | 
ted place during the enzymatic synthesis of sphingomyelin itself. ~ 
ion Amides of Dihydrosphingosine and Acetylenic Sphingosine— > | 
ide N-acetyl-pi-threo-dihydrosphingosine and  N-acetylphyto- - | 
ath sphingosine were found not to be active as substrates in this ”. 150. \ 
reaction (Table V). N-acetyl- and N-octanoyl-pL-threo-1 ,3- | a ere 
the dihydroxy-2-amino-octadecyne were found to be active ac- £ | 
g0- ceptors for the phosphorylcholine moiety of CDP-choline. This g. 100) 
the was unexpected since the enzyme is highly specific for the trans 
and not for the cis configuration at the double bond. However, | 
60 70 60 90 
pH 
sues 200, Fic. 4. Optimal pH values. The experimental conditions were 
able S the same as shown in Table III. Ceramide made by the treatment 
ng0- a a of sphingosine with propionic-sulfurie acid was used as substrate 
din eet oi eas The pH was varied as shown. 
sai Bhd study of the molecular models of the acetylenic derivatives 
- Yn revealed that the carbon atoms adjacent to the triple bond are 
3¢ re able to take a configuration resembling that of the trans iso- 
oles = 50 be mer. The cis compound, on the other hand, is folded over, 
() € a and is thus sterically different from the trans compound. In 
—_ another experiment, not shown in the table, the acetylenic 
0 3 4 6 2) id > erythro derivative was tested and found inactive. Thus the 
’ pemoles /MI specificity for threo isomers applies to acetylenic as well as 
| lic. 2. Requirement for divalent cation. ‘The conditions of the ethylenic compounds. ot : ’ 
5 experiment were identical to those given in Table III. Active Effects of Chain Length of Fatty Acid in Amide Linkage and 
ceramide made by the treatment of sphingosine with propionic- Emulsifying Agents—When ceramides of varying chain length 
Pa sulfurie acid was used as the substrate. Manganese and magne- were tested for enzymatic conversion to sphingomyelin, the 
sium ions were varied as shown. results were entirely dependent upon the presence or absence 
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4 6 6 
CHAIN LENGTH 
Fia. 5. Effect of varying chain length and emulsifying agent. 
Experimental conditions were the same as shown in Table III. 
Each tube received 4 umoles of N-acyl-pu-threo-trans-sphingosine 
derivative in the presence and absence of Tween-20, as shown. 
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2 4 6 8 
MG/ML. TWEEN-20 
Fic. 6. Effect of varying Tween concentration. 

conditions were the same as shown in Table III. Tween-20 con- 


centration was varied as shown. 4 ymoles of N-octanoyl-pL- 
threo-trans-sphingosine were added as substrate. 





10 


Experimental 


of emulsifying agents (Fig. 5). In the presence of emulsifying 
agent (Tween-20), the activity of the ceramide increases with 
chain length up to 8 carbon atoms but then abruptly declines. 
The lack of activity of derivatives of long chain, saturated fatty 
acids is related to the difficulty with which these compounds 
are emulsified. Thus N-palmitoyl-p.-threo-trans-sphingosine 
is completely inactive, but N-oleyl- and N-linoleyl-pt-threo- 
trans-sphingosine are much more easily emulsified and exhibit 
appreciable activity. 

In the absence of emulsifying agent, activity falls with in- 
creasing chains length, and N-octanoyl-pL-threo-trans-sphingo- 
sine is quite inactive. The effect of Tween-20 on the activity 
of the N-octanoyl derivative was examined in greater detail in 
the experiment shown in Fig. 6. In the absence of Tween-20, 
there is no activity; optimal activity is observed at about 2 mg. 
per ml. of Tween-20, whereas higher concentrations are 
inhibitory. 

Effect of Varying Substrate Concentration—An experiment in 
which the concentration of N-octanoyl-pt-threo-trans-sphingo- 
sine was varied, is shown in Fig. 7. Half the maximal rate was 
observed at a concentration of 7.5 X 10-* mM. This result is 
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only approximate since the substrate has to be dispersed in 
surface active agent which inhibits the reaction as well as pro- 
moting the solubility of the substrate. 

Occurrence of Enzyme—The enzyme (PC-ceramide trans- 
ferase) has been found not only in chicken liver, but is present 
also in the liver, kidney, spleen, and brain of 10- to 20-day-old 
rats and in guinea pig and hog liver (Table VI). The enzyme 
in all the tissues investigated is specific for threo-sphingosine 
derivatives. 

Metal Ion Activation—In the study of the effect of metal ion 
activation on enzymatic activity, Versene was omitted from the 
enzyme preparations. Manganese ions were found necessary 
for optimal transferase activity (Fig. 2). Magnesium ions are 
much less effective than manganese ions. Calcium ions inhibit 
the reaction. 0.002 m calcium reduces the PC-ceramide trans- 
ferase activity to one-half in the presence of an optimal amount 
of manganese ions. 

Effect of Temperature on PC-ceramide Transferase Activity— 
When the temperature was varied over a considerable range the 
enzyme exhibited maximal activity at 45° under the conditions 
chosen (Fig. 3). Higher temperatures probably were of aid in 
increasing the solubility of the ceramide as well as increasing 
the reaction rate as anticipated. 
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amp moles SPHINGOMYELIN 
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2 Oe See, at 
CERAMIDE ADDED (py moles /mi) 


Fic. 7. Effect of varying substrate concentration. Experi- 
mental conditions were the same as shown in Table III. N- 
octanoyl-pL-threo-trans-sphingosine was added as shown. 2 mg. 
per ml. of Tween-20 were also added to each tube. 





TaBLeE VI 
Occurrence of PC-ceramide transferase in various tissues 
Experimental conditions were the same as shown in Table III. 
0.25 ml. of enzyme was added to each tube as shown. Particulate 
fractions were prepared as described in the text. Other prepara- 
tions were 20 per cent sucrose-homogenates. 





| ‘ . 
Enzyme source | Sphingomyelin 


synthesized 
~ ae ~T mumotes 
Chicken liver particles........... 210 
Guinea pig liver particles... . Mey Kaa : 25 
cis Daas, apsthcs vdiene dena e asker 20 
Rat brain homogenates........... bd oroiunas lakeae 9 
Rat kidney homogenate......... $b eld stile aaa 11 
Rat liver homogenate.................... al 31 
Rat spleen homogenate......... j excel 17 
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Effect of pH on Activity—The enzyme exhibits a sharp optimum 
between pH 7.5 and 8.0 (Fig. 4). Above and below these values 
the activity of the enzyme drops very rapidly. 

Specificity for CDP-choline—The enzyme is highly specific 
for CDP-choline. Synthetically prepared UDP-choline, ADP- 
choline, and GDP-choline (9) show no detectable activity. 


DISCUSSION 


Evidence is presented here for the first time concerning the 
mechanism of the enzymatic synthesis of sphingomyelin, which 
has been found to be analogous to the synthesis of lecithin (2), 
where the phosphorylcholine moiety of CDP-choline is trans- 
ferred to the free hydroxy group of a p-a,8-diglyceride. The 
pC-ceramide transferase reaction is unlike the PC-glyceride 
transferase reaction in that manganese ions are required instead 
of magnesium ions for optimal activity. The PC-glyceride 
transferase reaction is completely inhibited by 0.001 m calcium 
jons, whereas the PC-ceramide transferase reaction is inhibited 
to the extent of only 50 per cent by 0.002 m calcium ions. The 
addition of a surface active agent promotes the solubility of the 
ceramides in a manner similar to that found in the PC-glyceride 
transferase reaction where the D-a ,6-glyceride must be emulsified 
to promote the synthesis of lecithin. 

Carter et al. (13) obtained only the erythro isomer of sphingo- 
sine from the cerebroside phrenosine, and in excellent yields, 
by a process which would not be expected to lead to isomeriza- 
tion. The results shown in Table IV indicate that the sphingo- 
sine moiety of sphingomyelin isolated from tissues is predomi- 
nantly or entirely in the erythro configuration. It is not possible 
to decide as yet whether the slight activity of the N-acetyl 
derivatives of sphingosine derived from sphingomyelin is the 
result of a small proportion of threo-sphingomyelin in the original 
material. If, in fact, sphingolipides in tissues are a mixture of 
a large proportion of erythro and a small proportion of threo, 
it is possible that the minor component would be removed during 
the process of purification. 

There are at least two possible explanations for the unexpected 
specificity of the phosphorylcholine-ceramide transferase for 
threo-ceramides. First, this specificity may in a sense be an 
artifact, resulting from the experimental conditions under which 
it is necessary to test the enzyme in vitro, whereas erythro- 
ceramides are the actual substrates in vivo. According to this 
theory, the threo-ceramides may simply be more soluble or 
readily emulsified in vitro and thus penetrate more readily to the 
enzyme surface. The importance of emulsification is shown by 
the experiments described in Figs. 5 and 6. This theory re- 
quires two further assumptions: that the enzyme in fact has no 
specificity for the threo- or erythro-ceramides, and that erythro- 
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ceramides can somehow penetrate to the enzyme surface in vivo. 
This explanation is also rendered somewhat less likely by the 
finding that with acetylenic as well as with ethylenic derivates 
the enzyme displays a specificity for threo derivatives. 

The second theory is that the enzyme acts on threo-ceramides 
in vivo as well as in vitro and that the newly synthesized sphingo- 
myelin is of the threo configuration, but is later converted to 
erythro-sphingomyelin, as is shown in Equations 3 and 4. 


Threo-ceramide + Cyt-P-P-choline — 


threo-sphingomyelin + CMP 


Threo-sphingomyelin ---> erythro-sphingomyelin (4) 


It should be made clear that no evidence for reaction (4) has 
as yet been obtained, but if such a reaction does occur, it would 
undoubtedly be of great physiological interest. Niemann-Pick’s 
disease, for example, is characterized by an accumulation of 
sphingomyelin in the liver and spleen, and it is possible that 
the inability to carry out a transformation such as shown in 
Equation 4 might lead to such a pathological condition. 

The present study, as well as the work of Zabin (20), points 
to the importance of ceramides as intermediates in the bio- 
synthesis of sphingolipides. It is possible that ceramides may 
also be intermediates in the biosynthesis of cerebrosides, by 
transfer of galactose from uridine diphosphate galactose. The 
ceramides themselves may arise from a reaction between sphingo- 
sine and a long chain fatty acid thiolester of coenzyme A. 


SUMMARY 


1. The enzymatic synthesis of sphingomyelin has been found 
to occur by the transfer of the phosphorylcholine moiety of 
cytidine diphosphate choline to the free primary hydroxy! 
group of a ceramide. 

2. The enzyme (PC-ceramide transferase) catalyzing this 
reaction is highly specific both for cytidine diphosphate choline 
and ceramide. The sphingosine of active ceramides must have 
the trans configuration of the double bond, and the hydroxyl 
group on carbon 3 must have the threo relationship to the amino 
group on carbon 2. Ceramides of dihydrosphingosine are 
inactive, but derivatives of sphingosine containing a triple 
bond rather than a double bond at carbon 4 are active, if the 
hydroxy! group on carbon 3 is threo. 

3. The enzyme is widely distributed in various animal tissues 
and is particularly active in chicken liver. 

4. Other properties of the enzyme are described. 

5. Evidence as to the structure of naturally occurring sphingo- 
myelin is presented. 
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A Reinvestigation of the Cerebroside Deposited 
in Gaucher’s Disease* 
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The identity of the carbohydrate constituent of the cerebro- 
side which accumulates in the reticuloendothelial system in 
Gaucher’s disease is still controversial. It appeared of interest 
to apply some of the techniques used by us in a recent study of 
mucolipids (1) to a reinvestigation of a problem important in 
the chemistry of lipidoses. The lipid found in Gaucher’s disease 
was first recognized as a cerebroside by Lieb (2) who thought the 
carbohydrate moiety to be galactose and the total molecule to 
be identical with brain kerasin (3, 4). A significant difference, 
however, between the optical rotation of the Gaucher spleen 
cerebroside and that of authentic brain kerasin was subsequently 
observed (5), and evidence was adduced to show that glucose was 
a constituent of this cerebroside. The demonstration was based 
on the formation of glucosazone (6), the utilization of the hexose 
component by yeast and Proteus vulgaris (7), and the optical 
rotation of the sugar when isolated in crystalline form (8). As 
a result of the apparent evidence of lignoceric acid, the Gaucher 
spleen cerebroside, at first (2) considered to be kerasin, was later 
(7) thought to be the glucose-containing analogue of kerasin. 
Careful study (8), however, showed the major fatty acid constitu- 
ent to be behenic acid. Previous attempts to identify the hex- 
ose moiety, although providing evidence of the oecurrence of 
glucose, were based either on a partial hydrolytic release of the 
hexose or on rotational measurements on isolated material repre- 
senting only a minor percentage of the total. Thus, fructose 
has not yet been excluded nor, indeed, has the possible occur- 
rence of an appreciable percentage of galactose. 

The present study describes the isolation, in crystalline form, 
of the cerebroside from the spleen of a patient with Gaucher’s 
disease; it describes some properties of the compound and pre- 
sents conditions for the quantitative hydrolytic release of the 
hexose moiety. Glucose could be identified as the sole sugar 
constituent by an analytic procedure based on its specific oxida- 
tion by means of glucose oxidase. 


EXPERIMENTAL 
Tsolation 


Spleen tissue from an 8-year-old boy with Gaucher’s disease 
was kindly provided by Dr. Dorothy H. Andersen. 


* This work has been supported by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice, and from the Supreme Council, Thirty-third Degree Scottish 
Rite Masons of the Northern Jurisdiction, United States of 
America. 

+t Holder of a Research Fellowship of the New York Heart As- 
sociation, Inc. 


For the extraction of the crude cerebroside, two procedures 
were used. 

1. A portion of spleen tissue (544 gm.) removed from a pa- 
tient with Gaucher’s disease was ground to a pulp in the frozen 
state and mixed with 1.5 1. of acetone. After 2 hours in the cold, 
the mixture was filtered with suction, and the filtrate was dis- 
carded. The tissue residue was treated once again with cold 
acetone, then exhaustively extracted in a Soxhlet apparatus, first 
with acetone and then with anhydrous methanol. The deep red 
methanol extract deposited at room temperature an_ initial 
fraction of cerebroside (1 gm.) in small circular clusters of ro- 
settes. Several more grams of crude material were harvested 
both from the concentrated methanol extract and the hot acetone 
extracts which were cooled to 0° overnight. 

2. The cerebroside was isolated, with less effort, by extracting 
it from the spleen tissue with chloroform-methanol, 2:1 (volume 
for volume), followed by partition dialysis (9). The upper phase 
and the interphase were removed with an aspirator, and the 
cerebroside floating in the chilled lower phase was collected by 
suction. 

The crude material was recrystallized in a 64 per cent yield 
from methanol-acetone, 2:1 (volume for volume), m.p. 181-184°, 
and then in a 60 per cent yield from a 2 per cent (weight per vol- 
ume) solution in anhydrous methanol, in lancet-shaped crystals 
(Fig. 1A) which, under the polarizing microscope, were seen to 
consist of tight clusters of small needles (Fig. 1B). 


Properties 


The purified crystalline material, observed on a heated stage, 
began to sinter above 100° and melted without decomposition 
at 183-185. Its [a]? in chloroform-methanol, 1:1 (volume for 
volume), was —3.9°; in anhydrous pyridine fa]? was —7.4°. 
The infrared spectrum of the cerebroside pressed in KBr showed 
close similarity to that of phrenosine isolated from beef brain 
and examined under identical conditions (Fig. 2). There were, 
however, certain interesting deviations, some of which will be 
discussed later. An infrared spectrum of phrenosine in Nujol 
mull has been published (10). 


Analysis 


Analytical Composition—The composition of behenyl gluco- 
cerebroside is as follows: 


Caleulated: C 70.5, H 11.3, N 1.78 
Found: C 70.6, H 11.6, N 1.72 
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Glucose—The hexose constituent of the crystalline cerebroside 
was liberated by heating in aqueous HC] in a boiling water bath. 
At an acid concentration of 2 N or below, the hydrolysis was in- 
complete, whereas at 4 N acid and above, considerable destruc- 
tion of hexose occurred as shown by diminished anthrone values 
(11) and the appearance of fast-moving unidentifiable reducing 
spots on paper chromatograms (1). To establish the optimal 
hydrolysis conditions, 10 mg. of cerebroside were heated in 2 
ml. of 3 N HCl under a cold finger condenser and aliquots taken 








Fig. 1. A, glucocerebroside crystallized from absolute metha- 
nol, magnified 84 times. B, a portion of the same crushed under 
methanol to show the constituent needles, magnified 168 times. 
The pictures were taken at half extinction under the polarizing 
microscope. 
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Fig. 2. Hydrolytic release of glucose from glucocerebroside by 
3 N HCl at 100°. 


at intervals. These were evaporated in a vacuum desiccator 
over NaOH and CaO; the residue was redissolved in water, the 
solution was filtered, and the clear filtrate was analyzed for glu- 
cose content by enzymic assay (1). Fig. 3 shows the results 
graphically. The optimal heating time was 90 minutes at 100°. 
A comparison with the total hexose content, as estimated with 
anthrone (11), showed that approximately 80 per cent of the 
hexose could be recovered as free glucose by hydrolysis under 
reflux whereas, with hydrolysis in a sealed tube, practically 100 
per cent could be recovered as glucose. From 1 to 2 mg. of 
cerebroside were sealed with 1 ml. of 3 N HCl and heated in a 
boiling water bath for 90 minutes. The tube contents were 
filtered through Whatman No. 1 paper into a small flask, the 
paper was carefully rinsed with water, and the filtrate evaporated 
as before. The residue was redissolved in 30 ml. of water, 3- 
ml. portions of which were taken for enzymic glucose analysis 
as described. The glucose found was 21.5 per cent; that calcu- 
lated for behenyl glucocerebroside was 22.8 per cent. Paper 
chromatograms of 3 N HCl hydrolysates of the cerebroside under 
similar conditions showed a single hexose with the mobility and 
properties of glucose on paper (1). 

Fatty Acid—The iodine value (12) of the glucocerebroside was 
29 (calculated for behenyl glucocerebroside, 31). This finding 
points to an essentially saturated fatty acid component, if di- 
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Fig. 4. Infrared spectrum of sphingosine sulfate from glucocerebroside, pressed in KBr 


hydrosphingosine is assumed to be absent. The cerebroside was 
methanolyzed (10 per cent H.SO, in anhydrous methanol) in a 
sealed tube; the resulting methyl esters were extracted and esti- 
mated colorimetrically (1). Per mg. of cerebroside, 1.17 umoles 
of fatty acid were found. If one assumes an equimolar quantity 
of glucose and sphingosine, the calculated weight of the fatty 
acid residue, 341 gm. per mole, is in good agreement with that 
of behenic acid, i.e. 340 gm. per mole. A weighed portion of 
the methyl esters from the methanolysate of 500 mg. of cerebro- 
side, analyzed in the same manner, gave a value of 357 gm. per 
mole (the calculated value for methyl behenate is 352). It 
would seem that the fatty acid component of the glucocerebro- 
side is mainly behenic rather than lignoceric acid. 
Sphingosine—After the removal of the methyl esters, the 
methanolysate described above was rendered strongly basic by 
the addition of aqueous NaOH solution. The organic base was 
extracted with diethyl ether, the extract was washed and evapo- 
rated, and the residue was dissolved in a minimum of anhydrous 
methanol. The base sulfate was precipitated by the addition of 
methanolic sulfuric acid to pH 3 to 4 followed by chilling. A 
portion of the sulfate was crystallized in the form of white 
needles from anhydrous methanol. Its infrared spectrum (KBr 
disk) is shown in Fig. 4. (Compare the less detailed spectrum 
of sphingosine sulfate in KBr (1) as well as the spectra of sphingo- 
sine sulfate in chloroform (13) and dihydrosphingosine sulfate 
in Nujol mull (10).) The clear maximum at 10.3 uw indicates 
sphingosine rather than dihydrosphingosine (13) although the 
presence of a small quantity of the latter is not excluded. 


DISCUSSION 


In the present investigation it has been possible to isolate a 
pure, crystalline cerebroside from the spleen of a patient with 
Gaucher’s disease and to establish the optimal conditions for 
the complete release of its sugar constituent by hydrolysis. The 
application of a specific enzymic method, namely, assay by means 
of glucose oxidase, together with other evidence submitted here, 
permit the conclusions that this cerebroside contains only p- 
glucose and that it is, indeed, principally behenyl glucocerebro- 
side. 

Some of the physical evidence may provide a further clue as 
to the structure of this cerebroside. It can be seen in Fig. 2 
that a maximum at 11.44 uw in the galactocerebroside (phreno- 


sine) spectrum, typical of p-galacto- or p-mannosides (14), is 
absent from the glucocerebroside spectrum. The maxima at 
11.22 » in both compounds indicate B-anomeric C—H bonds and 
therefore offer evidence for a B-glycosidic linkage (14) of the 
hexose in each. This is in agreement, for the glucocerebroside, 
with an observation on the hydrolysis of the hexose moiety by 
the 8-glucosidase of emulsin (7). It is noteworthy that the ab- 
sorption maximum at 13.90 yu, typical of long hydrocarbon chains 
(10), remains unchanged in position both in gluco- and galacto- 
cerebroside, as well as in the sphingosine isolated from the latter. 
The maxima “near 10.3 yw” (13), indicating trans-configuration 
of a double bond, occur at exactly 10.3 » in both the galacto- 
cerebroside and the sphingosine isolated from the glucocerebro- 
side, whereas the latter, when measured intact, exhibits a small 
shift (10.43 4) with a second adjacent maximum at 10.13 y. 

We are not yet advanced enough for an understanding of the 
pathological disturbances of lipid anabolism that lead to the 
accumulation of excessive amounts of normal lipids or to the 
appearance of abnormal ones in the several lipidoses. In the 
case of the disease under discussion a peculiar deviation of the 
hexose metabolism of the body would seem to be involved. 
Thus, we encounter, at the same time, galactose as a constituent 
of the brain cerebrosides, but glucose in the corresponding spleen 
lipids. It should be of particular interest to include the highly 
polymerized mucolipids (1), both of brain and of spleen, in the 
study of the deviations observed in Gaucher’s disease. Only 
then should it be possible to gain an understanding of the inter- 
play between cerebroside polymers and monomers, both normal 
and pathological, that must occur. 


SUMMARY 


Crystalline cerebroside preparations were isolated from the 
spleen of a patient with Gaucher’s disease. The physical prop- 
erties of this cerebroside are described, and its infrared spectrum 
is compared with that of phrenosine. Conditions were estab- 
lished for the quantitative hydrolytic release of the hexose 
moiety, and the latter was identified as p-glucose exclusively by 
specific enzymic assay. Analytical values indicate that the 
Gaucher spleen cerebroside is essentially behenyl glucocerebro- 
side. 


Acknowledgment—We thank Mrs. Elinor Frank for her help. 
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and Application to the Study of Strandin* 


HersBert L. MELTZER 


From the Departments of Biochemistry, New York State Psychiatric Institute and College of Physicians and 
Surgeons, Columbia University, New York, New York 


(Received for publication, July 15, 1958) 


The technique of discontinuous countercurrent distribution 
has been applied successfully to the separation of mixtures of 
biochemical importance. The advantages of this procedure, 
which requires that each component of the mixture be distrib- 
uted in constant ratio between two immiscible liquid phases, 
have been set forth, and the procedure has been used exten- 
sively, by Craig and coworkers. The scheme of distribution 
gives curves which are mathematically predictable on the basis 
of the binomial expansion (1). 

Recently, an analogous scheme of discontinuous counter- 
current distribution which uses three immiscible liquid phases, 
has been developed and applied to the partial separation of 
brain lipide mixtures (2). It is the purpose of this paper to set 
forth the scheme of distribution, the applicable mathematical 
treatment, the technical features of the automatic apparatus 
for effecting three-phase distribution, and some experimental 
results obtained in its application to strandin. 


PROCEDURE 


General—The solute to be separated is equilibrated among 
equal volumes of top, middle, and bottom phases contained in 
one tube which is placed in a position corresponding to that of 
the top left position of Fig. 1 and assigned the number (0,0). 
Top and middle phases are transferred to tubes corresponding 
to positions (0,1) and (1,0), respectively in which aliquots of 
the bottom phase were previously placed. Aliquots of the top 
phase are added to tubes (0,0) and (1,0) and aliquots of the 
middle phase are added to tubes (0,0) and (0,1). After equili- 
bration, the top phase is transferred from (0,1), (0,0), and (1,0) 
to (0,2), (0,1), and (1,1), respectively. The middle phase is 
transferred from (1,0), and (0,0), and (0,1) to (2,0), (1,0), 
and (1,1), respectively. Aliquots of the appropriate solvents 
are added to tubes containing fewer than three phases, after 
which the contents of all tubes are again equilibrated. 

This is the basic distribution pattern, illustrated in detail 
for a two-transfer system. It may be extended to any desirable 
number of transfers. The pattern is that of an equilateral 
triangle. Solute is placed at the apex, top phase is added along 
one adjacent side, and middle phase along the other adjacent 
side. Fractionated solute is obtained from the opposite side 
which will be designated as the output side. Thus, if the 
system is made to contain 11 equilibration positions along each 


* This investigation was supported in part by a research grant 
(No. B-344) from the National Institute of Neurological Disease 
and Blindness, United States Public Health Service, and by a 
research grant from the National Multiple Sclerosis Society. 


side, 10 transfers are required to move solute from the apex to 
the opposite side. On the 11th and each succeeding transfer, 
output samples are obtained as 11 separate fractions, each 
containing top and middle phase. 

Apparatus—The apparatus necessary to carry out the simul- 
taneous transfers of top and middle phases from each stage is 
based on the decantation principle that has been used so success- 
fully by Craig (3). Each stage consists of an equilibration 
section and a decantation section. Top and middle phases are 
transferred as a unit to the decantation section from which they 
are transferred separately to the appropriate equilibration 
sections of adjacent stages (Fig. 2). There is a four-point 
connection between adjacent tubes. In the apparatus now in 
use, these connections are effected by ball and socket joints. 
The tubes are mounted in rows parallel to the output side. 
These rows slide apart through closely fitting guides so that 
any tube can be made accessible for cleaning or repair when 
necessary. Each tube is clamped to its own holder which is 
positioned reproducibly in its place on the mounting row by 
guide pins. Thus, removal and replacement of a tube can be 
done without the need for repeated readjustment of its position 
in the assembly. All tubes are interchangeable. 

It will be evident from the foregoing discussion that the con- 
struction of such an assembly is a very involved undertaking. 
First a heat-resistant metal form has to be machined to very 
close tolerance. This is then used to limit each bend and joint 
of the glassware to the precise position required. The finished 
unit must then be annealed without distortion, after which it 
must be mounted on a rack which has been machined so that 
it is comprised of repeating units whose dimensions are defined 
by the requirement for four-point attachment between glass 
units. The time, effort, and unanticipated difficulties involved 
in the construction of such an assembly have been considerable. 
It does not seem likely that any laboratory would find it economi- 
cally feasible to do all the machining necessary to make only 
one such assembly. For this reason, publication of mechanical 
drawings and other specific information concerning details of 
construction are unwarranted. The apparatus has been con- 
structed by Mr. Joseph Buchler,' who is responsible for the 
successful calibration and for many of the essential details of 
design. 

Mathematical Analysis—When a unit quantity of a single 
solute is distributed among three phases, and when the fractions 
in the top, middle, and bottom phases are designated by T, M, 


1 Laboratory Glass Supply Company, 514 West 147 Street, 
New York 31, N. Y. 
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diagram of three-phase countercurrent 
distribution. Each large rectangle represents a stage in the 
distribution. The top and the middle phases are moved through 
a matrix of the stationary bottom phase in the direction indicated 
by the arrows. The numbers on the arrows indicate the first 
transfer at which solute originating from the (0,0) tube can move 
into the indicated position. 














C 

Fic. 2. Schematic diagram of 1 unit of the apparatus. The 
lower section is the equilibration tube, from which the top and 
middle phases are decanted through the side arm to the decanta- 
tion section. Equilibration is effected when the unit is rocked 
so that lines A and B are alternately made horizontal. After 
phase separation in Position B, the top and middle phase decanta- 
tions occur when a clockwise rotation brings line C to the hori- 
zontal position. Top phase transfer to another unit in the lower 
left position occurs upon counterclockwise rotation to Position B 
and middle phase transfer to a third unit in the lower right position 
occurs upon further counterclockwise rotation to Position A. 


TABLE I 


Pattern of fractionation after one transfer 


Fraction 
Tube No. Total fraction — a 
Top Middle Bottom 
(0,0) B T-B M-B B 
(1,0) M 7-M M? B-M 


(0,1) T 7” M-T B-T 


and B, respectively, the relation, (7 + M + B) = 1, expresses 
the distribution. When the transfer pattern described above 
is applied, the conditions applying after the first transfer are as 
indicated in Table I. The conditions applying after the second 
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transfer are shown in Table II. When this analysis is continued 
for three- and four-transfer systems, and the total content of 
each tube is displayed in a pattern corresponding to that of 
Fig. 1, Figs. 3 and 4 are obtained. 

A general] term, expressing the total fraction of solute present 
in any tube after n transfers through a pattern containing 
(n + 1) tubes on each side may be derived from inspection of 
Figs. 3 and 4. If each horizonta) row is designated by j and 
each vertical column by i, the contents of each tube, (i, 7), are 
defined by the expression 


CTiM‘Br-~i, 
The coefficient C is derived as follows. The terms of Row 0 
are identical with those of the binomial expansion (M + B)», 


(Similarly for Column 0, the expansion of (7 + B)* describes 
each term.) The general term for the binomial coefficient is 


n! 

in — i)! 
If the coefficients of Row 1 are divided by the coefficient of tube 
(0,1), which is obtained from the expression 

__ ni 

jn — 5)! 
where j = 1, the resulting coefficients are identical with those 
of the corresponding terms of the binomial expansion 

(a + br. 
For this expansion, the general term for the coefficient is 

(m=! 

in —i— 1)! 

Thus, when the latter term is multiplied by 


n! _ 
1!(n — 1)! 





the coefficients of Row | are obtained. Similarly, for any row, 


the coefficient C is given by 


ae. I 
in — j)! in —i—j)!) 


The total expression is then 


n! 





a ———— TiM‘B+-i. (1) 
i!jlin — i — 7)! 


Q..; = 
This gives the total fraction of solute present in the combined 
phases of any tube. If the trinomial expansion of (JT + M + 
B)” is performed for the case n = 3, the individual terms can 
be tabulated to correspond exactly with those of Fig. 3. Three 
phase countercurrent distribution is described by the trinomial 
expansion, in contrast to the two-phase system which is described 
by the binomial expansion. 

It was indicated in the genera] description of the procedure 
that samples of top and middle phases from each tube of the 
output side would be obtained by performing more than n 
transfers. The fraction of solute present in each output tube 
may be derived from Equation 1. From inspection of Fig. 1, 
it is apparent that for the output side, i +7 = n. The first 
output set of samples is obtained by transferring the fraction 
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(T + M) from each tube on this side. Each tube in this set 
therefore contains the fraction 


n! 





mim Te 

This set is placed in the first column of a matrix (p,j) where j 
has the same value as the corresponding tube on the output side 
of the apparatus, and p designates the sequence of sample sets 
(Fig. 5). If the fraction of solute in each tube of this matrix 
is to bear a simple relation to the total number of transfers 
performed, the numbering of p must start with zero. Thus, 
where Qp represents the fraction of solute present in any tube 
of the pth set of samples, 


(n + p)! 





- TiMiBrr--i(T 4 J 
Qp.i iN jin +p-i-j ’ ri-i(7 + M) 
and since 1 = n — j, 
)! 
Q,.; = et rimiper + M) (2)2 


~ jlp\(n — 3)! 


It is to be expected that a single solute will appear in more 
than one Row j, that the distribution curve in each row will 
contain a maximum, and that, since the number of transfers is 
the same for all rows at any value of p, the maxima will have 
the same value of p. It is also to be expected that one Row 7 
will have a maximum which is greater than all other maxima, 
that this will bear some relation to the fraction 7'/M. 

The problem of locating the maxima mathematically will be 
greatly simplified if we assume that the distribution curves will 
be symmetrical in the region of the maximum. This, of course, 
is an approximation where n is a small number, but we may 
expect it to become a better approximation as n becomes larger. 
Thus, if we assume a maximum at p» for 7 = 7, so that 


Qom-teir = Qom+toiz 
(n — Pm + 1)! 


ences, 4,59, Be(T + M) 
(n= j)!5eMPm + DEO 


( . oe BT 
STE Sao ae Ti,M*i,Br,— (T + M) 


(n — je)! de! (pm 
and 


(n + Pm + 1)!(pm - - Bem! 
(n + Pm — 1) !(pm + 1)! % Brm*! 


(n + Pm)(n + Pm + 1) 1 


—-= 3) 
Pm(Pm + 1) : 


°. 
Thus, the position of the maximum is a function only of n 
and B, i.e. of the size of the apparatus and the relative pref- 
erence of the solute for bottom phase. 
The row containing the principal maximum may be located 
mathematically if we assume symmetry in the region of the 
maximum of a curve drawn through all values of p,, for all 


?This equation may also be expressed in terms of the two 


distribution ratios: 7/M = K,and (T + M)/B = D. Aftersome 
algebraic manipulation, the equivalent form of Equation 2 be- 


comes: 
( (n + p)! Ki _ 
foi = tpn — j!7 \CK + 97 (CD + Deter 
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TaBLe II 
Pattern of fractionation after two transfers 
Tube No. Contributing tubes Total fraction 

(0,0) | (,0) B 
(1,0) (1,0); (0,0) M-B+M-B 
(2,0) (1,0) M? 
(0,0) (0,1); (0,0) T-B+T-B 
(0,1) (0,1) T? 
(1,1) (1,0); (0,1) 7T-M+T7-M 

i= ae = _- -_ 

0 T°M°B* 3 T°MB? 3 T°M?B T°M*Be 
 - 3 TM°B? 6 TMB 3 TM?B° 

2 3T7°M°B 3 T?MB° 

3 T?M°B° 


Fig. 3. Display of fractional distribution of solute after three 
transfers according to the scheme of Fig. 1. 


= = a | 3 4 

T°M°B* 4 T°MB* 6 T°M?B? 4 T°M*B T°M*Be 

4 TM°B*? 12 TMB? 12 TM?B 4 TM*B° 

6 T?M°B? 12 T?MB 6 T2M?2B° 

4 T°M°B 4 T?MB 

T*M°B® 

Fic. 4. Display of fractional distribution of solute after four 
transfers according to the scheme of Fig. 1. 





Ci=n 
(=0) . 0 





Fig. 5. Schematic relation of output matrix to distribution 
matrix. The dashed lines indicate that the distribution scheme 
and the number of sample sets collected can be extended indef- 


initely. The first sample set is placed in the vertical row p = 0. 
Tas.e III 
Relation of j,* to Kt for a 10-transfer apparatus 
im 0 1 2 3 4 5 6 7 8 9 10 
K |}0/ 0.15 0.29) 0.46 0.69 1.0 | 1.45 2.16 3.46 6.74 2 
* jm is the output row containing the principal maximum. 


+K = T/M. 
values of 7. This would be a vertical curve in the rectangular 
array which contained the output samples. Then, 
Qo i +! - Qy_ in " 


and after substituting these values of j in the general expression 
for the output samples, the equation may be simplified to 
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an jm(jm + 1) (4) 
M? (n — jm)(n ~ ju + 1) 
If T/M = K, the row containing the greatest concentration 


of solute is determined only by the size of the apparatus and 
the affinity of solute for the top phase relative to that for the 


TaBLe IV 
Relation of Re,,* to jx for a 10-transfer system 


The principal maximum is assumed at j7 = 8 from which K = 


3.464 by substitution in Equation 4. 








jk RQm 

0 1.07 X 10°° 
1 3.72 KX 10-5 
2 5.79 X 10-* 
3 5.35 X 107% 
4 0.0322 

5 0.135 

6 0.389 

7 0.7698 

8 1.00 

9 0.7698 
10 0.267 





* Rg,, is the ratio obtained by dividing the fraction of solute 
present in a tube originating from any Row j; by the fraction pres- 
ent in a tube originating in Row j, and having the same location 
p in the output matrix. 


TABLE V 
Relation of Rg,* to fmt and pet. The tabulated numbers are 
values of Rg, for a 10-transfer system 











Pm | BS be =1 pe = 5 pe = 9 pk = 15 
5 0.354 0.233 1.00 0.454 0.0096 
9 0.487 0.038 0.59 1.00 0.0439 





* Rg, is the ratio obtained by dividing the fraction of solute 
present in tube p at any one value of j by that present in tube 
Pm - 

t pm is the tube number in the output matrix at which the out- 
put has a maximal value. 

tp is any other tube in the same Row j as py. 

§ By substitution in Equation 3. 


Tape VI 
Theoretical fractionation of a pure substance within a 
five-transfer apparatus after five transfers 
Distribution coefficients are assumed to be T' = 0.1, M = 0.3, 
B = 0.6. The location of each fraction corresponds to the posi- 
tion of eae ach stage | in n Pig. 1. 


j 
0 1 2 3 4 5 
0 0.07776 0.1994 | 0.1994 0.0972 0.0243 0.00243 
1 0.0648 | 0.1296 | 0.0972, 0.0324) 0.00405 
2 0.0216 | 0.0324 0.0162 0.0027 
3 0.0036 0.0026 0.0009 
4 0.0003 | 0.00015 
5 0.00001 
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middle phase. It is to be expected that where these affinities 
are equal, the principal maxima will occur in the central row, 
Table III shows the values of K that lead to maxima in each 
row of a 10-transfer apparatus. 

Since the curves are assumed to be symmetrical in both 
dimensions, the quantity of solute in any given Row j; should 
always be in fixed ratio to the quantity in any or all tubes of 
the row containing the principal maximum. The ratio may 











be designated Re,. Then, 
( 
Rt Pl riMei,BoT + M) 
Qp.ix (n — ES 1)! ‘pt 
Rem = = - a — 
Qr.im (n + p)! 


——__———. TimM~imBo(T + M) 
(n — jm)!jm!p! 


(in — jm)! jm! 
Re,, = 5 
” a — i)! 3,! i k . 


when T/M = K. 

From Equation 5 it is possible to estimate the fraction of 
solute present in any Row j; after Row j,, has been determined. 
As an illustration, some values of this ratio are calculated in 
Table IV. Thus, there is no appreciable quantity of this solute 
within the area bounded by j = 0,7 = 3. 

A similar ratio may be derived for the horizontal distribution 
within one row, such that 


! ! 
ae (Rees) (; : ) 6) 
n+p) pt] \ Ben 
As an illustration, this ratio is calculated for a few values of 
px in Table V. 

Discussion of Mathematical Treatment—The _ theoretical 
fractionation of a pure substance within the apparatus can be 
visualized by assigning specific numbers to the distribution 
coefficients. The pattern of such a fractionation is presented 
in Table VI, in a form comparable to that of Fig. 1. Since the 
distribution has been carried out over five transfers in an ap- 
paratus containing only five transfer positions on each side, the 
sum of all the fractions in the apparatus is equal to unity. A 
continuation of the transfer process will result in output curves 
whose sizes and shapes are predictable by Equation 2. The 
curve containing the principal maximum will originate from the 
row j = 1, as may be seen by inspection of the output diagonal, 
where the fraction of solute is greater in the position (4,1) than 
in any other position on this diagonal. (Equation 4 predicts 
that the principal maximum will originate from Row 7 = 0.97 
for the case under consideration.) 

The mathematical analysis makes it possible to apply rigid 
criteria to the purity of any solute for which the distribution 
among top, middle, and bottom phases is constant. Thus a 
pure solute must distribute so that the row containing the 
maximal output is defined by the constant 7'/M and the value 
of n; the concentration in any other row must be in a certain 
fixed ratio to it; the maxima of the output curves of all rows 
must exist at the same value of p which is defined by the values 
of n and B. The method of withdrawing samples makes pos- 
sible a ready check on the constant 7/M. Substances whose 
affinity for top phase is greater than that for middle phase will 
be found principally in the regions having high values of j. 

The scheme of partition depicted in Fig. 1 is capable of con- 
siderable variation. The composition of top and middle phases 
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applied along the input sides does not necessarily have to be 
constant. For example, if the middle phase is partly aqueous, 
it is feasible to vary its pH within certain limits, and to apply 
to each tube of the middle phase input side a reservoir of middle 
phase differing from the preceding reservoir with respect to pH. 
Thus the virtues of gradient elution analysis can be combined 
with the precision of countercurrent distribution. 

More extensive variations are possible. Fig. 6 shows one 
extreme variation. Top and middle phases are returned to the 


(3) 


(2) 


(1) 


(2) 





(3) 


Fig. 6. Schematic diagram of modified three-phase counter- 
current distribution. The symbols have the same meaning as in 
Fig. 1. A single middle phase output is obtained from the posi- 
tion at the top right and a corresponding top phase output from 
the bottom left. The depleted phases are supplied to the top and 
left side positions as needed. 
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two input sides, so that only two sets of output samples are 
obtained. The effect here is analogous to the reflux principle. 
Such variations involve a loss of generality and resolving power. 
However, it is conceivable that they would be preferable for 
special problems. Of course, each variation in distribution 
pattern requires a separate mathematical treatment. Each 
also requires a separate apparatus, but it is possible to build an 
apparatus that would perform a large variety of such patterns. 


EXPERIMENTAL 


Solvent Systems—The factors that limit the selection of com- 
ponents of a solvent system are related to the nature of the 
substances under investigation, the analytical methods avail- 
able for detection of the various fractions, and the physical 
facilities of the laboratory. Although some exceptions will be 
apparent for specific cases, it is generally desirable that all 
components of a solvent system be relatively nonreactive with 
the solute, easily removed by evaporation at low temperatures, 
free of excessive odor or toxicity (substances such as carbon 
disulfide and tetrachloroethane are undesirable), and readily 
obtainable in a reproducible state of purity. A three-phase 
solvent system formulated from such components should 
separate readily after equilibration (this means in practice that 
each phase should differ from its neighbor by at least 0.1 density 
unit), have a constant composition under the range of tempera- 
ture variation expected, and should show little or no tendency 
to form emulsions with the solute. 

Despite these general limitations, it has been possible to 
formulate a large number of solvent systems that appear to be 
useful for the separation of lipides. Most of these are based 


Tas_e VII 


Some useful three-phase solvent systems 


ach vertical array gives the code number and the proportional parts of the components of «a particular solvent system. 





Component 


I i IV XIII 
Heptane 3 1) 50 25 
Water 1 25 25 
Nitromethane 2 50 50 20 
Methanol 2 25 25 
1,1,1-Trichloroethane 
|,2-Dichloroethane 
Methylene chloride 2 
Chlorocyclohexane 10 
1-Chlorobutane 10 
1,1,2-Trichloroethylene 
|-Nitropropane 
t-Methyl-2-pentanone 10 
Ethylene glycol 25 


ithylene diformate 
Methyl acetate. 
Ethyl acetate 
Diethyl carbonate 
Pyridine 

Acetic acid 





* Redistilled from permanganate. 
+ Fractionally distilled. 
t Distilled a few days before use. 


Solvent system number 


= > 
XIV XV XVIII XXI | XXIX % XXXIV 9 LVI 
A“ A“ 
ad A“ 
25 25 20 13 13 46 17t 205 gt 
6 10 12.2 5 7 18 6* 38 
15 25 14 14 48 19.5{ 116 4t 
19 25 2.5 13 13 34 167 154 
20 25 14 12 12 48 167 
216 St 
5 
4 5t 
12.5 
20 
4 
6 
1 
4t 
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Tase VIII 
Effect of structure of chlorinated hydrocarbons on partition 
between heptane and nitromethane 
5 ml. of each component was mixed with the indicated volume 
of the chlorinated compound. 


Three-Phase Distribution of Strandin 





| Phase volumes after equilibration with: 











Component | 

| 1 mi. | 2mi. | 4m | om. 
RR reer 5.7/5.3) 6.5/5.5, 8.4/5.6, 10.2/5.8 
CH;CH:2CH,CH.Cl......... 5.8/5.2) 6.6/5.4) 8.4/5.6, 11/5 
CHCCl,....................| 5.6/5.4] 6.2/5.8] 7.6/6.4, 9.6/6.4 
2S (5.5/5.5 6/6 7 5/6.5, 9.5/6.5 
Gast...........-. ....+..| 5.8/5.7) 5.8/6.2) 6.6/7.4) 1 phase 
CH;CHClh........ ..| 5.4/5.6) 5.5/6.5) 5.5/8.5) 1 phase 
CHCI;........ .......| 5.8/5.7) 5.4/6.6 5.2/8.8) 1 phase 
CH.Clh...... Ee tars | 5.1/5.9) 5.1/6.9 4.6/9.4) 1 phase 
CH.-CICHCl...... lie 5/6 5/7 | 4.6/9.4) 3.2/12.8 
CHAWCHS ...........5.. 


4.8/6.2 4.6/7.4, 4/10 2.5/13.5 





TABLE IX 

Initial compositions of the strandin preparations used in the 
distribution studies; all values are expressed in percentages, 

except where indicated otherwise 


| 
| 
| 
} 





‘7 i 3 | | | | 
| | 








» | | Deen. IE | g | | Total 

4 | os 7 | Sialic | Hexos-| ¢ | Carbo- | » 

g | K|Na| N P | ‘acid | amine 22 | hydrate| Ester | —_ 

a | } ee | aci 

' 
is 1 ee a Lemme (nied Saesiaas —_ | 
% | % | % “| ~@ % % % ce —_ 

S-2 2.80, 0.29 23 4.75 26 

S-5 | 3.22 23 4.9 | 20.2| 25 

8 


S86) 5 0.8 2.95) 0.15 31.7 


0 0.665 


upon the immiscible system: heptane, water, nitromethane. It 
is possible, however, to omit either water or nitromethane from 
a three-phase solvent system. (See Systems XIII and XVIII 
in Table VII.) Addition of various chlorinated aliphatics, 
alcohols, acetic acid, or other components produces substantial 
alterations in the properties of each phase. Generally the top 
phase is nonaqueous and nonpolar, the middle phase is aqueous 
and polar and the bottom phase is nonaqueous and polar.* 

The choice of a particular solvent system depends upon 
obtaining favorable distribution coefficients for the mixture of 
solutes. Where the mixture must be regarded as an unknown 
it is desirable that initially it distribute equally among the three 
phases. To obtain such a distribution of brain lipides it has 
been found necessary to formulate solvent systems of low water 
content. This is equally true for cholesterol, which has a high 
affinity for nonaqueous solvents, and for strandin, which has a 
high affinity for water and a limited solubility in other solvents. 
In order to obtain a system of low water content it was neces- 
sary to be able to add to the aqueous phase a large proportion 
of a water soluble organic solvent, such as methanol or acetic 
acid. However, there is a percentage point beyond which 
further addition of the latter component causes the aqueous 
phase to become miscible with the nitromethane phase. Addi- 
tion of a water-insoluble chlorinated aliphatic solvent to the 


* Polarity was inferred from the instrument readings obtained 
with the Sargent Oscillometer. The reading increases with the 
dielectric constant. 
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nitromethane increases the allowable percentage of the water 
soluble organic component in the aqueous phase. By this 
reasoning, then, the problem of obtaining systems of low water 
content can be equated with the problem of increasing the 
chlorinated aliphatic solvent content of heptane-water-nitro- 
methane solvent systems. Since the chlorinated compound igs 
partitioned between heptane and nitromethane, it is desirable 
to choose a substance whose affinity for nitromethane is high. 
It was noticed that when increasing volumes of carbon tetra- 
chloride were shaken with equal volumes of heptane and nitro- 
methane, the increase in volume of the upper (heptane) phase 
was almost equal to the volume of carbon tetrachloride added, 
indicating that the nitromethane had no affinity for carbon 
tetrachloride. It seemed that the occurrence of hydrogen 
bonding might be necessary for retention in the nitromethane 
phase. Since the presence of neighboring chloride groups could 
conceivably influence the tendency to hydrogen bond forma- 
tion, a survey was made of the relation of increment in phase 
volume of the lower (nitromethane) phase to the volume of 
various chlorinated aliphatic compounds added to different 
portions of heptane-nitromethane mixtures. The results (Table 
VIII) appear to bear out the hypothesis.‘ On the basis of 
these results 1,2-dichloroethane was chosen as a component 
of a three-phase solvent system. The system so formulated 
(System LVI, Table VII) did have a lower water content than 
that obtainable when 1,1,1-trichloroethane was used instead, 
and it was markedly more satisfactory as a solvent system for 
strandin. 

Application to Study of Strandin—Strandin was isolated from 
brain cortex by Folch (4), who reported that it contains a main 
component with a minimal molecular weight of about 250,000. 
From similarities in composition of constituent groups, strandin 
is now considered to be closely related to the gangliosides, first 
isolated by Klenk (5). 

For the first and second distributions, S-2 and S-5, strandin 
was prepared by the partition dialysis method (4). The third 
distribution, S-6, was performed on a purified fraction for which 
I am indebted to Dr. Folch and which is estimated by him to 
be 95 per cent pure. 193 mg. of S-2 was dissolved in 6 ml. of 
water followed by proportionate volumes of the other components 
of solvent System XXXIV (Table VII). Appropriate quantities 
of each phase were added from reservoirs so that, after equilibra- 
tion, the volume of each phase was 80 ml. Then 25-ml. aliquots 
of each phase were placed in tubes (0,0), (0,1) and (1,0) of a 
10-transfer apparatus. The distribution was carried out at 
22-24° until 11 sample sets were obtained. 

198 mg. of S-5 was dissolved in 12 ml. of acetic acid and 1.5 
ml. of water followed by proportionate volumes of other com- 
ponents of solvent System LVI (Table VII). The additional 
quantity of water needed to prepare this solvent system was 
added last. After the phase volumes were adjusted to 30 ml. 
for each phase, 25-ml. aliquots were placed in tube (0,0) of a 
five-transfer apparatus and 29 sample sets were collected at 
20-21°. 190 mg. of S-6 were distributed in the same manner 
until 35 sample sets were obtained. 


4 Supporting evidence for an interaction between nitromethane 
and 1,2-dichloroethane was obtained by plotting a curve of 
Sargent Oscillometer instrument readings of mixtures of these 
two substances. Every experimental point on this curve was 
above the theoretical line predicted for mixtures of noninter- 
acting substances. 





Dece: 


An 
with 
Phos} 
meth« 
530 m 
was ¢ 
a gift 
modi 
was | 
was | 
Robi 
sphin 
extra 
in Ww: 
by Re 
and 
court 
mola: 
chlor 
to eli 
throu 
mine 
modi 
hydr 
amou 
conté 
25-m 
HCl 
tape! 
outsi 
70°, 
The 
grou 


Al 
are § 
of tl 
valu 
and 
Fig. 
by a 
grea 
app: 
top 
the 
fron 
acid 
exte 
of tl 
mo\ 
am¢ 
in t 
acid 

© 
13 ¢ 
in 1 
som 


Salr 


d, 


in 
rd 
ch 
to 
of 
its 
ies 


rts 


a 
at 


ial 





XUM 


December 1958 


Analytical Methods—Nitrogen was determined by digestion 
with H.SO, in sealed tubes at 380°, followed by nesslerization. 
Phosphorus was determined colorimetrically by the Sperry 
method (6). Sialic acid was determined colorimetrically at 
530 my by reaction with diphenylamine (7). The color produced 
was compared with a sample of authentic sialic acid obtained as 
a gift from Dr. K. Meyer. Hexosamine was determined by a 


modification of the Elson and Morgan procedure (8). Hexose 
was determined by reaction with anthrone (9). Sphingosine 


was determined by a slight modification of the method of 
Robins et al. (10). After color development, the dinitrophenyl 
sphingosine was extracted into chloroform. An aliquot of the 
extract was evaporated almost to dryness and then dissolved 
in water, HCl and propionic acid in the proportions stated 
by Robins et al. (10). The color was compared with sphingosine 
and dihydrosphingosine standards (obtained through the 
courtesy of Dr. B. Weiss). Each of these substances had a 
molar extinction coefficient of 5200, either with or without 
chloroform extraction. The extraction procedure is necessary 
to eliminate a turbid material that results when strandin is put 
through the procedure. Fatty acid ester groups were deter- 
mined as the ferric hydroxamate acid complex (11), with the 
modification that anhydrous ethyl ether was refluxed with 
hydroxylamine and distilled to insure low blanks. The total 
amount of fatty acids was determined as follows. A sample 
containing 0.1 to 1.0 mg. of fatty acid was placed in a 180 x 
25-mm. tube with a standard taper joint; 5 ml. of methanolic 
HCl were added and the tube was closed by inserting a standard 
taper cold finger which was secured in position by taping the 
outside of the joint. After the tube was heated for 2 hours at 
70°, the solvent was removed in a stream of nitrogen at 40-50°. 
The methyl esters thus formed from free fatty acids and amide 
groups were analyzed by the ester reaction. 


RESULTS 


Analytical data on the three preparations before fractionation 
are given in Table IX. Distribution of S-2 gives clear evidence 
of the inhomogeneity of the starting material. The analytical 
values for selected samples obtained from the output samples 
and from samples obtained from the apparatus are shown in 
Fig. 7. Some output curves obtained from the region favored 
by a substance having a 7'/M ratio less than unity are shown in 
greater detail in Fig. 8. A small fraction remained in the 
apparatus, another small fraction moved principally with the 
top phase, and the major fraction which moved principally with 
the middle phase, has at least two components as may be seen 
from the dissimilarities in curves of weight and content of sialic 
acid. Consideration of the data of Table X supports and 
extends these conclusions. For example, sialic acid components 
of the initial strandin were resolved into at least two groups, one 
moving with the middle phase and associated with substantial 
amounts of hexose and sphingosine, and the other remaining 
in the apparatus, associated with substantial amounts of fatty 
acid. 

Output samples obtained by distributing S-5 were pooled in 
13 groups on the basis of peaks, valleys, plateaus, and inflections 
in the weight curves (Fig. 9). It should be emphasized that 
some of these weights were so low, in some cases less than 0.1 
mg., that the shape of the curves is not reliable. However, 
samples grouped according to these weights were evidently 
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| 10mG 





Fig. 7 Distribution of strandin, Preparation S-2. The analyti- 
cal values for the output curves were obtained from tubes on the 
output side of the apparatus corresponding to the intersection 
points of the 11 horizontal base lines with the large diagonal. The 
weight of material remaining in certain positions in the apparatus 
is represented by the height of the vertical lines in the triangular 
region of the figure. The abscissa is the sample set number. The 
ordinate is weight. 
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Fic. 8. Detailed study 
S-2. 


of three output curves obtained from 


TABLE X 


Some components of pooled fractions obtained from S-2 








Pooled fractions Weight ie cnkeel oad pa a Ester | a 
me. | % % | % | % | Meee! | wmole/ 
Y 0 me. mg. 
j 3 | = ™ 
am tred 1 $8.9/ 17.41 4.0) 24 24 | 0.05 | 1.83 
p0to5d 
j 0to3 ' ail os 
| 13. 0.: 2.8 d of 
p6to8 | 13.8 10.3 13 0.58 
j 5to7 — 2 
. t ‘ ; 
p 0 to 10 11.9 3.6 0 2) 16.5 0.85 
j 8 to 10 . aa 
> ttt 8.2| 3.4/0 0) 17 2.65 
25.9 3.5 | 0 3 3.4 | 0.79 | 2.05 


Apparatus diagonal 
0to8 
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1.0MG 























Fig. 9. Some output curves obtained by distributing strandin, 
Preparation S-5. The weights were obtained by analyzing the 
top phase portion of samples derived from j = 4 and 5 and the 
middle phase portion of samples obtained from 7 = 0, 1, and 2. 


distinct fractions (Table XI). For example, pooled samples 
(j = 3to 5, p = 15 to 21) and(j = 3 to 5, p = 25 to 29) differed 
with respect to sphingosine and hexose content, both of which 
were low or absent in the former and of appreciable magnitude 
in the latter. Samples in the group (j = 0 to 2, p = 0 to 6) 
seem to be a relatively pure fraction. The shapes of the curves 
(Fig. 9) from rows 7 = 1, 2 are somewhat broader than the 
theoretical curve calculated from pp,» = 2, B = 0.30. The 
curve from j = 0 differs still more. A curve obtained by plotting 
the values of the maxima of each of these curves as ordinate and 
the value of 7 as abscissa is also different from the theoretical 
curve calculated from jn, = 1, T/M = 0.33. Thus in both 
dimensions, points in this sample group do not bear the strict 
mathematical relationship to each other required of a pure 
substance. However, this group does represent the most 
clear-cut fraction among the minor components and as such its 
composition is of some interest. The major fraction, com- 
prising about 50 per cent of the weight of starting material, 
was found as expected in the samples remaining with the ap- 
paratus (Fig. 10). Samples from apparatus positions (1,0) to 
(5,0) represent that portion of the slowly moving component 
having a greater affinity for the middle phase than for the top 
phase. This group of samples is free of phosphorus, in contrast 
to the sample from the starting position (0,0), which contains 
0.5 per cent of phosphorus. It thus appears that more than 
one component is present in this portion of the slowly moving 
component. The other analytical data, as well as the shape 
of the weight curve of samples (0,0) to (5,0) (Fig. 10), confirm 
this conclusion. The samples remaining in position (0,1) to 
(0,5), which are symmetrically related to the (1,0) to (5,0) 
group, differing with respect to their higher affinity for the top 
phase than for the middle phase, also appear to form a distinct 
group as is evidenced by their lower hexosamine and sialic acid 
content. 

Distribution of S-6 revealed that some of the minor compo- 
nents observed in the distribution of S-5 were entirely absent 
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TaBLe XI 
Some components of pooled fractions obtained from S-6 
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from this preparation, whereas the others were much reduced 
in quantity (Fig. 11). Again, the principal minor component 
occurred in the group j = 0to2,p = 0to4. However, because 
of the low weight, the shapes of the curves cannot be used to 
estimate purity. The major slow-moving component was 
again recovered from the apparatus (Fig. 12). It comprised 
about 75 per cent of the starting material. 

The data (Table XII) indicate that sample S-6 contained at 
least eight components, of which five have been transferred out 
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5.0 
Fic. 10. A contour representation of the weight of S-5 re- 


0,5 


maining in the apparatus after collecting 29 sample sets. The 
large triangle represents the apparatus, with the apex tube at the 
top; the middle and top phase input is shown along the right and 
left side, respectively; and output samples are taken from the 
bottom. Every intersection of diagonal lines, or of diagonal and 
horizontal lines, represents the location of a unit of the apparatus. 
The vertical lines represent the weight of solute remaining in each 
of these units, with the weight scale given at the right side of the 
figure. The inset is a two-dimensional representation of the 
weights in the units along the left and right side of the apparatus. 
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Fic. 11. Some output curves obtained by distributing strandin, 
Preparation S-6, in the same manner as for S-5. 


30 MG 





50 0.5 


Fig. 12. A contour representation of the weight of S-6 remain- 
ing in the apparatus after collecting 35 sample sets. 


of the apparatus during the course of the distribution. There 
is one minor component that moved so slowly with the top 
phase that it remained in the apparatus, as was the case when 
S-5 was distributed. Again, the shape of the curve and the 
analytical values (Table XII) for the contents of tube (0,0) 
as contrasted with those of tubes (1,0) to (5,0) clearly indicate 
that there is more than one substance present in the major 
component. 


DISCUSSION 
The results of the distribution of S-2 strongly suggested that 
more complete resolution was possible, since the major com- 
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TaBLe XII 
Some components of pooled fractions obtained from S-6 
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(0,0) | 17.86 | 0 24|7.2| 33 | 14] 
(0,2)-(0,5) + (1,2)-| 5.04 0 611.0! 7] 13] 0.5 
(1,4) 


ponents had moved rapidly out of the apparatus in an obviously 
impure form, as evidenced by the nontheoretical shapes of the 
output curves and by the analytical data. The occurrence of 
0.25 per cent of phosphorus in this fraction was regarded as 
further evidence of this, since such a small percentage would 
not be expected to be a part of any repeating unit of a pure 
substance. Solvent System LVI was set up with the intention 
that the major components would partition preferentially in 
its bottom phase (which in this case is the aqueous phase), 
affording an opportunity for a more extensive separation of the 
minor components. As the data indicate, such was the result 
of the use of this solvent system. 

It could be argued that the multitude of small fractions 
isolated was largely the result of degradation of a pure starting 
material. (When the solvents were removed promptly from 
samples of the major component of S-6 at low temperature, the 
residue consisted of pure white strands. When the solution 
was allowed to stand at room temperature a week or more and 
then dried, and also when it was dried at or above room tempera- 
ture, the residue was pale yellow to yellow-brown). This 
degradation could have occurred either as a continuous process 
during the course of countercurrent distribution or it could have 
occurred immediately upon dissolution and could have been 
substantially complete before the distribution was started. 
The first possibility can be rejected immediately; if the various 
fractions were being produced continuously, the appearance of 
distinct regions of separation in the weight curves would be 
most unlikely. The second possibility cannot be dismissed so 
completely, although it does seem improbable in view of the 
qualitative and quantitative differences between S-5 and S-6. 

A consideration of the data resulting from the distribution of 
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S-5 and S-6 suggests that almost all of the many minor com- 
ponents of the starting materials are substances composed of 
carbohydrate and sphingosine, to which are bound additional 
moieties of carbohydrate, hexosamine, and neuraminic acid 
derivatives in variable quantities. From this point of view, 
the major components appear to be similar substances differing 
from the minor components only in the greater proportions of 
the moieties added to the carbohydrate-sphingosine units. 
Since no component has been obtained in pure form, speculations 
more extensive than the foregoing concerning the structure of 
strandin appear to be unwarranted at the present time. 

An answer to the question, ‘Could not two-phase counter- 
current distribution have accomplished the same results?” is 
possible if it is assumed that the solvent systems used in this 
study would also be used in a two-phase distribution. Thus, 
if the top phase of solvent System LVI was used as the upper 
phase, and the middle and bottom combined were used as the 
lower phase in a two-phase system,® it is evident from the data 
obtained by distributing S-5 and S-6 that the fast-moving 
components favored by the middle phase would not have been 
detected. Similarly, if the top and middle phases were used as 
upper phase and the bottom phase was used as lower phase, then 
the fast-moving components favored by the top phase would 
not have been distinguished from the fast-moving components 
favored by the middle phase, and the resolution of the material 
remaining in the apparatus into slow-moving top and middle 
phase-favored components would not have been accomplished. 
Similar considerations apply to any sequential arrangement, such 
as two-phase distribution between top and bottom phase, 
followed by two phase distribution between middle and bottom 
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phase. In the latter case, the slow-moving mixture would not 
have been resolved. 

It is, therefore, evident that the application of three-phase 
countercurrent distribution to this complex lipide mixture has 
produced information that was otherwise unobtainable. 


SUMMARY 


1. A technique has been devised for the distribution of solutes 
between three immiscible liquid phases in a pattern analogous 
to countercurrent distribution. 

2. The design and construction of an apparatus capable of 
simultaneously transferring the moving phases according to 
this pattern is described. 

3. A mathematical analysis of the distribution pattern has 
revealed that the contents of any tube within the transfer 
pattern can be described in terms of a trinomial expansion. 
Other useful equations have been developed from this relation- 
ship. 

4. The method has been applied to a study of purity of the 
brain lipide, strandin. At least 15 components were demon- 
strated in a sample prepared according to a published method. 
Another, more highly purified sample was shown to have at 
least 8 components. 
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In our investigations of the metabolism of bile acids in the rat, 
two new naturally occurring acids, Acid I and Acid II, have been 
isolated in crystalline form from bile (1-3). A third new bile 
acid was isolated from the urine of surgically jaundiced rats after 
the administration of hyodeoxycholic acid (4, 5). These new 
acids were found to be 3a,6,7-trihydroxycholanic acids (6-8) 
isomeric with hyocholic acid which has been isolated from hog 
bile by Haslewood (9) and Ziegler (10). 

Chemical studies have indicated that the hydroxyl group at 
carbon 6 in Acid I and Acid IT has the 8 configuration (7, 11) and 
that Acid IV (8) and hyocholic acid possess a 6a-oriented hy- 
droxyl group (6, 9, 10, 12). The present paper gives additional 
evidence supporting these structures. 


EXPERIMENTAL! 


Acid I and Acid IT from Methyl 3a ,6B-diacetory-7 a-bromo- 
cholanate (1)—The bromohydrin acetate (J, Scheme I) was pre- 
pared as described previously (11). Acid II was obtained by 





} | 
4A \\/~\, COOCHs 
J. | | 
‘ 1. AgOAc, Ac,O 
J aS =. ts Tones Acid I + Acid II 
| HOAc 
Par 5 2. KOH 
a (Br 
OAc 
I 
Scueme I 


treating this compound with silver acetate in acetic acid con- 
taining acetic anhydride (13). 430 mg. of silver acetate were 
refluxed under anhydrous conditions for 30 minutes in a mixture 
of 40 ml. of glacial acetic acid and 15 ml. of acetic anhydride. 
Methyl 3a,68-diacetoxy-7a-bromocholanate (J) (760 mg.) was 
added and refluxing was continued for 4 hours. The silver 
bromide was filtered off, and the filtrate was diluted with water 
and extracted with ether. After evaporation of the ether the 
residue was dissolved in 5 per cent methanolic KOH, and the 


* A preliminary report of the studies contained in this paper 
was presented at the meeting of the Federation of American 
Societies for Experimental Biology at Philadelphia, Pennsylvania, 
April, 1958. 

! All melting point determinations were taken on the Fisher- 
Johns apparatus and are reported as read. Infrared spectra 
were determined in Nujol with a Perkin-Elmer spectrometer, 
model 21, with rock salt opties. 


solution was heated on a water bath for 5 hours. The acidic 
products were separated by partition chromatography? into two 
principal fractions: Acid II, 311 mg. (56 per cent), m.p., 196 
197°; and Acid I, 108 mg. (20 per cent), m.p., 225-226° (1). 
The acids were identified by their mixed melting points with 
authentic samples and by their infrared spectra. 

3a ,6a-Diacetoxy-7-ketocholanic Acid-7-ethylenethioketal (IIIa) 
from Acid IV—Acid IV (90 mg.) was acetylated in a mixture of 
2 ml. of pyridine and 2 ml. of acetic anhydride at room tempera- 
ture for 16 hours (Scheme II). Separation of the product by 
partition chromatography* gave two principal fractions. Crys- 
tallization of the residue obtained from Fraction 0-3 (26 mg.) 
from a mixture of acetone and petroleum ether gave a product, 
m.p., 189-191°, probably a triacetate. 


CH 405 
Calculated: C, 67.39; H, 8.67 
Found: C, 66.90; H. 8.45 
Fractions 20-2 and 20-3 contained 46 mg. of residue which were 
crystallized from a mixture of acetone and petroleum ether; 
m.p., 167-168°. Elemental analysis and chromatographic be- 
havior are consistent with a diacetate. 
C2sH yO; 
Calculated: C, 68.26; H, 9.00 
Found: C, 67.80; H, 8.46 
The diacetate was oxidized by 6.6 mg. of chromic anhydride in 
acetic acid. After chromatography, 32 mg. of colorless oil (JJa) 
were obtained from Fractions 0-4 and 20-1; in contrast to the 
parent diacetate, the infrared spectrum of this material failed to 
show the presence of a hydroxyl group. The ethylenethioketal 
(IIIa) of this derivative was prepared by treatment with 10 
drops of ethanedithiol and 4 drops of boron trifluoride-ethereate 
at room temperature for 30 minutes (6). The mixture was par- 
titioned between ether and a dilute solution of sodium carbonate; 
16 mg. of acidic material were obtained which crystallized from 
a mixture of ether and petroleum ether as transparent needles, 
m.p., 254-257°. An opaque crystalline form was obtained from 
the same mixture of solvents, m.p., 247-249°. 
3a ,6a-Diacetoxry-7-ketocholanic Acid-?-ethylenethioketal (1 Ila) 
from Hyocholic Acid—A sample of hyocholic acid (210 mg.) was 
acetylated and the product fractionated in the manner described 
above. Fractions 20-1 and 20-2 contained 211 mg. of colorless 
? For a complete explanation of the method of chromatography 
used in this study, see Matschiner ef al. (1). We have abbreviated 
the designation of the fractions from the column according to the 
percentage of benzene in Skellysolve B. Each solvent mixture 
was collected in four portions. For example, 20-3 represents the 


third fraction of the eluate containing 20 per cent benzene in 
Skellysolve B. 
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oil which were oxidized in acetic acid by 30 mg. of chromic an- 
hydride. After chromatography, 200 mg. of a product were 
obtained from Fractions 0-4 and 20-1. The infrared spectrum 
indicated that this material (J7a) was identical to that of the 
product obtained from Acid IV. The ethylenethioketal deriva- 
tive ([]Ia) was prepared and was also found to be identical with 
the derivative obtained from Acid IV; m.p., 247-249° and 254- 
257°. Mixed melting point determinations of the two samples 
showed no depression. The identity was further confirmed by 
infrared spectroscopy. 
CHO Se 
Calculated: C, 63.57; H, 8.18; 8, 11.31 
Found: C, 63.12; H, 8.21; S, 11.00 


Hyocholie Acid 
Acid IV 


ba. S) 


HO I 
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cholanic acid (m.p., 206-208°) 188-198°; and with ursodeoxy- 
cholic acid (3a@,78-dihydroxycholanic acid; m.p., 202-203°) 
170-185°. The identify of this compound was confirmed by 
comparison of its infrared spectrum with that of hyodeoxycholic 
acid. 

Formation of 3a ,6a-Dihydroxy-7-ketocholanic Acid (IIb) from 
Its 7-Ethylenethioketal (IIIb)—88 mg. of 3a,6a-dihydroxy-7- 
ketocholanic acid-7-ethylenethioketal (J71b) (6) were refluxed 
for 7 hours in 30 ml. of acetone with 200 mg. of cadmium car- 
bonate and 200 mg. of powdered mercuric chloride (16). The 
mixture was cooled, acidified with acetic acid, diluted with wa- 
ter, and extracted with ether. Chromatography of the ether- 
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ScuemMeE II 


Desulfuration of 3a ,6a-Diacetory-7-ketocholanic Acid-7-ethylene- 
thioketal (IIIa) with Raney Nickel—180 mg. of the thioketal 
(IIIa) were refluxed for 20 hours in 25 ml. of 75 per cent aqueous 
ethanol with 4 gm. of W-2 Raney nickel (14, 15). The product 
of hydrogenolysis was hydrolyzed by boiling in a 2 per cent 
KOH solution for 30 minutes; after extraction and chromatog- 
raphy, Fractions 0-1, 0-2, and 0-3 yielded 45 mg. of material 
which were crystallized from aqueous methanol, m.p., 184-186°. 
This was identified as lithocholic acid (IV) by melting point, 
mixed melting point, and infrared spectrum. Fractions 40-3 
and 40-4 furnished 12 mg. of material (V) which melted at 199- 
200° after repeated crystallizations from aqueous methanol; 
mixed melting point® with hyodeoxycholic acid (3a ,6a-dihydroxy- 
cholanic acid; m.p., 199-200°) 199-200°; with 3a,68-dihydroxy- 


*The lower melting point of chenodeoxycholic acid (140°) 
excluded the possible identification of the product with this acid. 


soluble residue (42 mg.) gave 17 mg. in Fractions 60-1 and 
60-2. Crystallization from a mixture of acetone and petroleum 
ether gave 3a,6a-dihydroxy-7-ketocholanic acid (IIb); m.p., 
182-186°. This melting point was not depressed on admixture 
with authentic material and its infrared spectrum identified it 
as 3a, 6a-dihydroxy-7-ketocholanic acid. 


DISCUSSION 


The formation of Acid I and Acid IL by the reaction of silver 
acetate with methyl 3a,66-diacetoxy-7a-bromocholanate (J) 
established that these two acids are diastereoisomers at position 
7. This conclusion is based on the interpretation of Winstein 
and Buckles (13) and Roberts et al. (17) in their studies on 
“neighboring group participation.” They have shown that 
trans-bromohydrin acetates form trans-glycols without inversion 
by the action of silver acetate in anhydrous acetic acid or in the 
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presence of excess acetic anhydride. Under the conditions re- 
ported in this paper, Acid II was obtained as the principal 
product. Winstein and Buckles (18) have also demonstrated 
that inversion occurs during acetolysis of the halogen in the 
presence of a small amount of water with the formation of cis- 
glycols. In wet acetic acid, Acid I is the only isomer obtained 
by acetolysis of the same bromohydrin acetate (11). 

The configuration of the oxygen at position 6 of the bromo- 
hydrin acetate was shown to be 8 by the identification of 3a ,68- 
dihydroxycholanic acid after removal of the bromine from (J) 
by Raney nickel (11). Consequently, Acid II is the 68,7a- 
trans-glycol (3a,68 ,7a-trihydroxycholanic acid), and Acid I is 
its 78-diastereoisomer (3a ,68 ,78-trihydroxycholanic acid). 

The remaining 3a,6,7-trihydroxycholanic acids, hyocholic 
acid and Acid IV possess the a-configuration at position 6 and 
are diastereoisomers at position 7. Evidence for this orienta- 
tion is found in the formation of the same ethylenethioketal 
diacetate (IITa) from the ketodiacetate derived from each of 
the parent bile acids, and subsequent isolation of hyodeoxycholic 
acid (Scheme IT).4 Retention of configuration of the ketol dur- 
ing the formation of the ethylenethioketal was demonstrated by 
recovery of 3a,6a-dihydroxy-7-ketocholanic acid (I7b) after hy- 
drolysis with a mixture of cadmium carbonate and mercuric 
chloride. 
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Since previous studies have established the configuration at 
position 7 for hyocholic acid (7a) (6, 12) and Acid IV (78) (8), 
the structures of these diastereoisomers are: hyocholic acid, 
3a ,6a,7a-trihydroxycholanic acid, and Acid IV, 3a,6a,78-tri- 
hydroxycholanic acid. 


SUMMARY 


Acid I and Acid II were obtained from the bromohydrin ace- 
tate (J) after treatment with silver acetate in acetic acid and 
acetic anhydride, indicating that these acids are diastereoisomers 
at position 7. Hyocholic acid and Acid IV were also converted 
to common products, the ethylenethioketal (J7Ta) and hyode- 
oxycholic acid, indicative of diastereoisomerism at position 7. 
This evidence gives additional support for the structures already 
proposed for the acids: Acid I (3a,68,78-trihydroxycholanic 
acid), Acid II (3a,68,7a-trihydroxycholanic acid); Acid IV, 
(3a ,6a ,78-trihydroxycholanic acid), and hyocholic acid, (3a ,6a, 
7a-trihydroxycholanic acid). 


Acknowledgment—The authors wish to express their cordial 
thanks to Dr. Kenneth H. Adams for his informative discussion 
on some aspects of this investigation, and to Mr. Roger Richard 
for technical assistance. 


REFERENCES 


1. Marscuiner, J. T., Manowaup, T. A., Exuiorr, W. H., 
Doisy, E. A., Jr., Hsta, 8. L., ano Dorsy, E. A., J. Biol. 
Chem., 226, 771 (1957). 

Manowa.p, T. A., Marscuiner, J. T., Hsra, 8. L., Ricnter, 
R., Dotsy, E. A., Jr., Ettrotrr, W. H., anv Dorsy, E. A., 
J. Biol. Chem., 225, 781 (1957). 

3. Manowa.p, T. A., Matscutner, J. T., Hsia, 8. L., Dorsy, 
E. A., Jr., Extiotr, W. H., anp Dorsy, E. A., J. Biol. 
Chem., 225, 795 (1957). 

4. MarscuHiner, J. T., Manowa.p, T. A., Hsta, 8. L., Dorsy, 
E. A., Jr., Evurorr, W. H., anp Dorsy, E. A., J. Biol. 
Chem., 225, 803 (1957). 

. Martscuiner, J. T., Ratuirr, R. L., MAHowA.p, T. A., Doisy, 
E. A., Jr., Extiorr, W. H., Hsra, 8. L., anp Dorsy, E. A., 
J. Biol. Chem., 230, 589 (1958). 

. Hsta, 8. L., Matscuiner, J. T., MAHowALp, T. A., ELLiorr, 
W. H., Doisy, E. A., Jr., Toayer, 8. A., anp Dorsy, E. A., 
J. Biol. Chem., 226, 811 (1957). 


‘In the desulfuration of the thioketals, the 6a-acetoxy (J/Ia) 
appears to be more labile than the 6a-hydroxy (J//b) during 
hydrogenolysis (6). Thus, lithocholic acid was formed from the 
6a-acetoxyl derivative but was not detected in the reaction 
mixture after desulfuration of the 6a-hydroxyl derivatives. 


tw 


or 


o 





7. Hsta, 8. L., Matscuiner, J. T., Manowavp, T. A., Exiiotr 
W.H., Dotsy, E. A., Jn., THayer, 8. A., ann Dorsy, E. A. 
J. Biol. Chem., 226, 667 (1957). 

8. Hsta, 8. L., Matscutner, J. T., Manowacp, T. A., Exuiorr, 
W.H., Dotsy, E. A., Jr., Tuayer, 8. A., anp Dorsy, E. A., 
J. Biol. Chem., 230, 597 (1958). 

9. Hastewoop, G. A. D., Biochem., J., 62, 637 (1956). 

. Zrecwuer, P., Can. J. Chem., 34, 523 (1956). 

11. Hsta, 8. L., Matscutner, J. T., Manowa.p, T. A., Evtiorr, 
W. H., Dotsy, E. A., Jn., Toayer, 8. A., ano Dorsy, E. A., 
J. Biol. Chem., 230, 573 (1958). 

12. ZieGueEr, P., Can. J. Chem., 34, 1528 (1956). 

13. Winstetn, S., AND Buckies, R. E., J. Am. Chem. Soe., 65, 
613 (1943). 

14. Hauprmann, H., J. Am. Chem. Soc., 69, 562 (1947). 

15. Mozinco, R., Wotr, D. E., Harris, 8. A., ann Foukers, 
K., J. Am. Chem. Soc., 65, 1013 (1943). 

16. RosENKRANZ, G., KAUFMANN, S., AND Romo, J., J. Am. Chem. 
Soc., 71, 3689 (1949). 

17. Roperts, R. M., Corse, J., Boscuan, R., Seymour, D., anno 

WinstTeErn, 8., J. Am. Chem. Soc., 80, 1247 (1958). 
. WiNnsTEIN, S., AND Buckuies, R. E., J. Am. Chem. Soc., 64, 
2787 (1942). 











Synthesis and Metabolism of 22-Ketocholesterol-23-C'“* 


GrorcE J. Kautsky,t ConstanTINE J. Bousouuis, R. R. Becker, ANd C. G. KinG 


From the Department of Chemistry, Columbia University, New York, New York 


(Received for publication, June 13, 1958) 


In studies reported by Lynn et al. (2) and Staple et al. (3), it 
has been shown that soluble enzyme systems from beef adrenals 
are capable of cleaving the side chain of cholesterol to yield 
isocaproic acid and pregnenolone. Conversion of cholesterol- 
26-C™ to labeled isocaproic acid appeared not to be inhibited by 
22-hydroxycholesterol or 22-ketocholesterol. Solomon et al. (4) 
have given evidence that in cow adrenal homogenates, 22-hy- 
droxy- and 22-ketocholesterol, and 24-8-hydroxy- and 24-keto- 
cholesterol probably are not normal intermediates in the con- 
version of cholesterol to pregnenolone. 

In this paper the synthesis of 22-ketocholesterol-23-C™ and 
the results of studies of its metabolism in guinea pigs are reported. 
From the fatty acid fraction in liver and adrenal tissue, iso- 
valeric-C™ was isolated, but isocaproic-C™ acid was not present 
in significant quantities. The results indicate that 22-keto- 
cholesterol is cleaved between carbons -22 and -23, yielding iso- 
valeric acid and bisnorcholenic acid. 


EXPERIMENTAL 


22-Ketocholesterol-23-C''—This compound was prepared by 
the reaction of 3-8-acetoxy-bisnor-5-cholenyl chloride with di- 
isoamyl-cadmium-1-C“, The isotope was introduced by car- 
bonation of isobutyl magnesium bromide with C“O, (5). The 
resultant isovaleric acid-1-C“ was converted to its sodium salt 
and treated with dimethyl sulfate to yield the methyl ester of 
isovaleric acid-1-C. The ester was reduced with lithium 
aluminum hydride in ether to isoamy] alcohol-1-C" which upon 
treatment with constant boiling hydrobromic acid gave isoamy] 
bromide-1-C. The yield for the series of reactions from iso- 
valeric acid was approximately 50 per cent. 

The condensation reaction was carried out using the method 
of Cole and Julian (6). Isoamyl bromide-1-C™ (2.9 gm.) was 
first converted to the Grignard reagent, and then to the dialkyl- 
Cd compound by treatment with anhydrous cadmium bromide. 
3-8-Acetoxy-bisnor-5-cholenyl chloride was prepared from the 
acid (1 gm., Nutritional Biochemicals Corporation) by treatment 
with thionyl chloride and added to the reaction mixture in 15 
ml. of anhydrous benzene. The reaction mixture was stirred 
overnight, the excess dialkyl-Cd decomposed by addition of 
aqueous acid, and the separated aqueous layer extracted with 


* This investigation was aided by research grants from the 
Atomic Energy Commission (Contract No. At-(30-1)-1137) and 
The Nutrition Foundation, Inc. A preliminary report of this 
work has been presented (1). 

t The data given are based in part upon the thesis submitted 
by G. J. Kautsky in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, Faculty of Pure Science, Colum- 
bia University. Present address: Standard Oil of California 
Research Laboratories, Richmond, California. 


benzene. From the combined benzene extracts, 0.96 gm. of 
crude 3-8-acetoxy-22-ketocholesterol was obtained. This prod- 
uct was saponified with Na:CO;-aqueous methanol, and purified 
by passing a benzene-petroleum ether (5:1) solution through a 
column of alumina. The product was recrystallized from ab- 
solute ethanol to a constant specific activity of 5.2 « 104 ¢.p.m. 
per mg. The yield was 0.8 gm., melting point 122-125° (6), 
undepressed on mixing with 22-ketocholesterol prepared in- 
dependently. The infrared spectrum was identical with that 
of the nonradioactive material. 

The ketone was chromatographed on Whatman No. 7 paper, 
using the procedure of Neher and Wettstein (7). The Rp value 
of the radioactive material corresponded to that of 22-keto- 
cholesterol. No radioactive impurities were indicated. 

Experimental Animals—Normal male guinea pigs (450 to 515 
gm.) maintained on a chow type of diet supplemented with 6 
mg. per day of ascorbic acid, were used in the experiments. The 
radioactive material was administered to the animals orally in a 
glyceryl monostearate-olive oil-glucose emulsion. At the end 
of each experiment, the animal was decapitated, exsanguinated, 
and the liver, adrenals, and gall bladder were removed. Feces 
and intestinal contents were collected separately. 

Isolation Procedures—The livers, adrenals, and feces were 
saponified for 5 hours with 5 per cent KOH in 70 per cent ethanol. 
The digitonin precipitable sterols were isolated in the usual 
manner from the petroleum ether extract of the saponification 
mixture. Digitonides were plated and counted directly in a 
gas flow counter. To separate cholesterol from 22-ketocho- 
lesterol and other possible contaminants, the digitonides were 
cleaved in pyridine (8), converted to dibromides, and recrystal- 
lized (9, 10). When the dibromide was prepared from a mixture 
of cholesterol and 22-ketocholesterol-23-C™“, cholesterol di- 
bromide was free from contamination after four recrystalliza- 
tions from ethyl acetate-methanol. The specific activity as 
determined in counts per minute per mg. decreased as follows: 
9100, 2220, 290, 31, negligible. It was shown by paper chroma- 
tography (7) of the recovered sterols from feces and intestinal 
contents that the radioactivity in this fraction was caused by 
unchanged 22-ketocholesterol-23-C™. About 50 per cent of the 
ketone was recovered unchanged 12 hours after administration. 
Recrystallization of the cholesterol dibromides from this fraction 
resulted in essentially a complete loss of radioactivity, demon- 
strating an absence of radioactive cholesterol in the feces and 
intestinal contents. 

Volatile and nonvolatile fatty acids were separated by steam 
distillation of the acidified aqueous fractions from the saponifica- 
tions. To test for the presence of radioactive isocaproic acid, 
the volatile fatty acid fraction from the adrenals was diluted 
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TABLE I 
Radioactivity in several fractions after oral administration of 22-ketocholesterol-23-C™ 
| Liver | Adrenals | 
| ar | | pans ; l mes | Bile acids 
Hitt | tess a fatty Digitonides a fatty Digitonides 
a oo ce cs wea footw Ves cornet ike ie Soe SO 
Total | = Total | Py Total + _ Total a _ Total ~~ _ 
ws. | ebm. can ra p.m pm. |. a 
12 7.8* 1920 0.25 1350 0.17 4100 0.53 1065 0.14 765 0.1 
15* 2850 0.18 2550 0.16 3560 0.24 1365 0.09 1990 0.13 
24 7.8 150 0.02 1315 0.18 9400 1.2 1050 0.13 6600 0.85 
1.5 635 0.42 360 ().24 225 0.15 72 0.05 1025 0.68 
0.75 2800 3.6 325 0.4 1840 2.4 Neg. Neg. 1125 1.4 
48 1.5 430 0.29 149 0.1 215 0.14 55 0.04 2125 1.4 





or 43 per cent of the dose in 15 c.p.m. 


with carrier isocaproic acid. The solution was neutralized with 
0.5 N sodium hydroxide and refluxed with a slight excess of 
recrystallized p-bromophenacyl bromide. The specific activity 
of the ester derivative thus prepared decreased to very low 
values upon repeated recrystallizations. Addition of carrier 
p-bromophenyl-isovalerate to the mother liquors resulted in the 
isolation of a derivative containing radioactivity, which was not 
removed upon repeated recrystallization. In a separate ex- 
periment, carrier isovaleric acid was added to the volatile fatty 
acid fraction from liver, and the resultant p-bromophenyl- 
isovalerate was recrystallized to constant specific activity. The 
labeled p-bromophenacyl-isovalerate from liver fractions was 
saponified with sodium hydroxide, and the resulting sodium 
isovalerate was subjected to a Schmidt degradation with con- 
centrated sulfuric acid and sodium azide, following the procedure 
of Phares (11). Essentially all of the radioactivity was found 
in the CO» produced (1620 of 1640 ¢.p.m.). 

The nonvolatile fatty acid fractions contained negligible 
amounts of radioactivity. 

The bile acids obtained from the gall bladders after saponi- 
fication and extraction were precipitated as the Doubilet’s (12) 
complexes, dried, and counted. Paper chromatography (13) of 
the regenerated bile acids revealed several unknown spots, 
including one which contained significant amounts of radio- 
activity, in addition to the acids known to be present in guinea 
pig bile (14). 3-8-Hydroxy-bisnorcholenic acid was tentatively, 
but not completely, identified, since separation from other fast 
moving components was difficult. 

Radioactivity Measurements—Radioactive samples of BaCOs, 
digitonides, cholesterol dibromide and the bile acid complexes, 
were counted directly in a model D46A-Q gas counter (Nuclear- 
Chicago Corporation). Other radioactive compounds were 
converted to BaCO; according to the method of Lindenbaum 
et al. (15) using the reagents of Van Slyke et al. (16). All data 
were corrected for self-absorption, and the counting period was 
extended sufficiently long to bring the statistical deviation to 
within 2 per cent. 


RESULTS AND DISCUSSION 


A successful reduction of 22-ketocholesterol-23-C™ to cho- 
lesterol-23-C™ would provide a useful method of introducing C™ 





* The feces and intestinal contents contained a total of 4.1 X 10° ¢.p.m., 53 per cent of the dose in 7.8 ¢.p.m., and 6.7 X 10° ¢.p.m. 


into the side chain of cholesterol. However, attempts to reduce 
the compound under acidic conditions, where epimerization 
about Coo might be avoided, were unsuccessful. The carbonyl 
group was successfully reduced by use of the Barton modifica- 
tion of the Wolff-Kishner reduction (17), but the main product 


TaBLeE II 
Radioactivity of p-bromophenacyl isovalerate from cleavage of 
22-ketocholesterol-23-C'* 


Melting point 


Compound sary Crystalliza- Radio- 
tions activity 
Reported Observed 

C. + No. SS. 
p-Bromophenacy! isovaler-| 68 66 1 86 
ate (liver) 67 2 SS 
68 3 91 
68 4 91 

p-Bromophenacy] isocapro-| 77 76 1 12 
ate (adrenals) 76 2 S 
77 3 3 

a 4 2 


| 











* The p-bromophenacy] esters were recrystallized from ethanol- 
water. 





TaBe III 
Radioactivity of cholesterol-dibromides 





Crystalliza- | Radioactivity 


Compound Melting point 


tions* (cholesterol) 

<. No C.p.m. per mg. 
Cholesterol dibromide | 119-123 1 4 
(liver) 120-124 2 | 3 
122-125 3 2 
122-125 4 2 
Cholesterol dibromide 118-124 1 6 
(feces) 120-123 2 4 
122-125 3 2 
122-125 4 <1 





*The dibramides were recrystallized from ethyl acetate- 
methanol. 
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formed was Cz -isocholesterol (1). The synthesis of this com- 
pound has been reported recently by Hyatsu (18) in connection 
with studies of naturally occurring C29-isosterols. 

The incorporation of C™ into various fractions after oral 
administration of 22-ketocholesterol-23-C“ to guinea pigs is 
shown in Table I. In two of the experiments reported, 43 and 53 
per cent of the ingested activity was recovered as 22-keto- 
cholesterol in the feces and intestinal contents. The respiratory 
CO, and the nonvolatile fatty acids, which are not listed in the 
table, contained negligible amounts of radioactivity. Although 
the results were variable, it is evident that the steam-volatile 
fatty acid fraction from both the adrenals and the liver contained 
appreciable amounts of radioactivity, especially when considered 
on a specific activity basis. 

Direct cleavage of 22-ketocholesterol-23-C™ between Coo and 
Cz would be expected to produce isocaproic acid-2-C“%. From 
the results in Table II, it appears that only a small amount of 
radioactivity was present initially in the ester derivative pre- 
pared, and this activity fell to very low values on repeated re- 
crystallizations. Isocaproic acid was not an important product 
of the cleavage. Radioactive isovaleric acid, which showed no 
decrease in activity upon repeated crystallizations, was isolated 
as the p-bromophenacyl! ester from the mother liquors of the 
isocaproate recrystallizations. When isovaleric acid was added 
as a carrier to the combined fractions of the steam-volatile fatty 
acids from liver, the p-bromophenacy] isovalerate showed a 
relatively high specific activity. When the ester was saponified 
and subjected to a Schmidt degradation, essentially all of the 
radioactivity of the compound was recovered as C“O2, demon- 
strating that cleavage of 22-ketocholesterol-23-C™ occurs be- 
tween Cx and C23. These results are in agreement with earlier 
reports (2-4) that 22-ketocholesterol is not an intermediate in 
the cleavage of cholesterol to isocaproic acid and pregnenolone. 
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The data in Table III show that the cholesterol isolated from 
feces contained essentially no radioactivity, thus ruling out the 
possibility of a direct reduction of the 22-ketone to cholesterol, 
The smali amount of radioactivity found in the cholesterol 
isolated from liver can probably be accounted for on the basis of 
resynthesis of cholesterol from metabolic products of the iso- 
valeric acid produced. 

The very low radioactivity of cholesterol (2 c.p.m. per mg.) 
following the administration of 22-ketocholesterol-23-C™ also 
seems to rule out the possibility that the highly radioactive acids 
found in the present experiment in the bile acid fraction are 
formed by way of cholesterol. It is possible that 22-ketocho- 
lesterol-23-C"™ could be oxidized to yield B-keto bile acids with 
the 23-carbon atom labeled, although one would expect de- 
carboxylation under the experimental conditions. The paper 
chromatographic evidence showed that most of the radioactivity 
in the purified bile acid fraction was located in an area which 
did not correspond to the common bile acids in guinea pigs. 
Studies of the bile acid fraction are being continued. 


SUMMARY 


22-ketocholesterol-23-C™ was synthesized by reaction of 3-6- 
acetoxy-5-bisnorcholenyl chloride with diisoamyl cadmium-l- 
C™. Isovaleric acid-1-C was isolated from the steam-volatile 
fatty acid fraction of liver after oral administration of the com- 
pound to normal guinea pigs. It was tentatively concluded 
that 3-8-hydroxy-5-bisnorcholenic acid was the other cleavage 
product. No radioactivity was recovered in the respiratory 
CO, the nonvolatile fatty acids, or in fecal cholesterol. Very 
small amounts of radioactivity were found in liver cholesterol. 
A significant amount of radioactivity was found in the bile acid 
fraction, but the radioactive components were not identified. 
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Synthesis of Isomeric 4,4-Dimethylcholestenols and 
Identification of a Lanosterol Metabolite* 


F. GautscuHt AND Konrap BLocu 
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Previous communications from this laboratory have dealt 
with the isolation (1) and partial identification (2) of a new in- 
termediate in the biological transformation of lanosterol to cho- 
lesterol. This metabolite, designated X,, proved to be a deriva- 
tive of 4,4-dimethylcholestane, the first partial demethylation 
product of lanosterol to be encountered in a natural source. 
Lack of sufficient substance precluded structural studies along 
conventional lines, yet it could be shown, by combining isotopic 
carrier techniques and enzymatic tests, that X, contains a gem- 
dimethyl] substituent at C,, a double bond between C2, and C5, 
and an inert nuclear double bond in the region of the B,C ring 
junction. A stereochemical relation to cholestane was assumed 
because conversion to cholesterol occurred readily in enzyme 
systems. The one detail still remaining for complete structural 
assignment was the location of the nuclear double bond. The 
site of this double bond has now been established by chemical 
synthesis of three isomeric 4,4-dimethylcholestenols and by 
correlation of the natural product with the A*-isomer of this 
series. As in our previous work (2), it was necessary for the 
structural identification to rely on radiochemical criteria rather 
than on conventional physical properties. The procedure fol- 
lowed was to prepare mixtures of the synthetic dimethylstenols 
with the 24,25-dihydro derivative of the radioactive natural 
product (dihydro-X,) and to determine in each case whether or 
not the radioactivity and the authentic reference substances 
were separable by crystallization. In addition, these mixtures 
were oxidized by osmium tetroxide and lead tetraacetate, and the 
oxidation products were identified by chromatography and C™ 
analysis. 


Synthesis of 4 ,4-Dimethylcholestenols 


The double bond in the iso-octenyl side chain of X; can, under 
appropriate conditions, be reduced without concomitant changes 
elsewhere in the molecule. Therefore, synthetic sterols having 
saturated side chains were considered to be entirely suitable as 
reference compounds. For the synthesis of all three 4,4-di- 
methylstenols (Diagram 1), 7-dehydrocholesterol (7) was chosen 
as the most convenient starting material. Application of the 
dimethylation reaction to the 3-ketone (IJ) followed by reduc- 
tion, as described for cholesterol (3) and for ergosterol (4), af- 
forded the known A®.7-4 ,4-dimethylcholestadienol (JV) in high 
vield and more conveniently than did the procedure for intro- 
ducing the 7,8 double bond into 4,4-dimethylcholesterol (3). 


* Supported by grants-in-aid from the National Science Foun- 
dation, the Life Insurance Medical Research Fund, the United 
States Public Health Service, and the Eugene Higgins Trust 
Fund of Harvard University. 


Starting from the dimethyl A®*’-dienol, the A’-stenols (VJI/) 
and the A*“)-stenols (VJ) became readily available by catalytic 
hydrogenation under controlled conditions. The preparation of 
the A*°-isomer (VJ) presented considerable difficulty but was 
eventually achieved by isomerization of the 5,7- to the 8,14- 
diene system and subsequent catalytic hydrogenation under 
conditions modified from those described for the corresponding 
dienes in the cholestane series. 

1. A’-4,4-Dimethylcholestene-3-8-ol (VIII)—The attempted 
partial hydrogenation of A®.7-4,4-dimethylcholestadienol (JV) in 
a neutral medium with platinum or with sodium and ethanol, 
as described for nonmethylated dienols (5), afforded unchanged 
starting material, indicating considerable steric hindrance of the 
5,6 double bond by the bulky gem-dimethyl substituent. Al- 
though the corresponding ketone (J7/) readily consumed 1 mole 
of hydrogen in the presence of palladium, this occurred with 
isomerization since the resulting monoene was the A*-"-isomer. 
A displacement of the 7,8 double bond likewise occurred on 
hydrogenation of the ketone (JJ) with platinum in a neutral 
medium, in which case 2 moles of hydrogen were taken up and 
the product was A*)-4 ,4-dimethylcholestenol (V/J7). The 7,8 
double bond of 4,4-dimethylsterols thus rearranges with ease 
under conditions which are known not to affect the nonmethyl- 
ated A’-monoenes and A®.7-dienes (5). Selective hydrogenation 
without concomitant double-bond shift was eventually achieved 
by the use of Raney nickel at slightly elevated temperature and 
pressure. Under these conditions the 5,7-diene system was 
smoothly reduced to the desired A’-monoene (JI to VIII). 

2. A8’-4,4-Dimethylcholestenol (VI)—For the synthesis of the 
A*-stenol a route starting with A‘ *-cholestadien-3-one was first 
explored. Dimethylation of this ketone to A**4,4-dimethyl- 
cholestadienone, followed by partial hydrogenation, seemed to 
be of promise but had to be abandoned since in our experience 
the described procedure (6) did not yield the A*-*-ketone. The 
more successful approach was to rearrange the 5,7- to the 8,14- 
diene system and to eliminate the 14,15 double bond reductively 
under conditions known to yield the desired double-bond iso- 
mers in the cholestane series. Treatment of A*7-4,4-dimethyl- 
cholestadienol (IV) with hydrochloric acid and ethanol, as de- 
scribed by Fieser (7) for 7-dehydrocholesterol, afforded a new 
diene not identical with the known A’-"-4,4-dimethylcholesta- 
dienol (3) but which has an ultraviolet spectrum closely re- 
sembling that of A*--cholestadienol (7). The optical properties 
and the transformations, to be described later in this paper, 
adequately establish the presence of the 8, 14-diene system in the 
rearrangement product (V). It has been reported that high 
pressure hydrogenation of A*-"-steroid dienes with Raney nickel 
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yields a mixture of the 8(14)- and the 8,9-monoenes, with the 
latter predominating (8). Apparently, the hydrogenation of the 
14,15 double bond and the 1,4 addition of hydrogen to the diene 
are competing processes. The above procedure, when applied 
to the A*-'dimethyldiene afforded only one detectable product. 
This was shown to be the A**)-stenol, since it retained its prop- 
erties upon treatment with platinum or with palladium and acetic 
acid, and was identical with the reduction product of the known 
A’ 4.4 ,4-dimethylcholestadienol (3). Under milder conditions, 
however, 1,4 addition of hydrogen was minimized, and when 
the reduction with Raney nickel was performed at no more than 
3 atmospheres of hydrogen and at 50-60°, a mixture of the A* 
and the A’“4)-stenols was obtained, with the desired A*-monoene 
generally predominating. The two isomers could subsequently 
be separated by fractional crystallization. For rapid assay of 
the two products the selenium dioxide test developed by Fieser 
(9) for the detection of nuclear bonds proved of great assistance. 
In this test, 8,9- and 7,8-stenols respond at once, whereas the 
8, 14-isomer reacts only sluggishly. 

Numerous observations made in the course of this investiga- 
tion pointed to an extreme lability of 8,9 and 7,8 double bonds 
in the 4,4-dimethy] series; in fact, with the pure A*-isomer it was 
shown that the double bond shifts quantitatively to the 8,14 
position upon treatment with platinum and hydrogen in a neu- 
tral medium, conditions which have no effect on A*-cholestenol 
(5). In the light of these observations, the previous method for 
preparing the dihydro derivative of the naturally occurring 4,4- 
dimethylsterol (dihydro-X,) (2) had to be re-examined. At 


TaBLeE [ 


Specific activity (counts per minute per mg.) of mixtures of 
dihydro-X, and synthetic stenols on successive crystallizations 





























48-Stenol A7-Stenol A8™4)-Stenol 
Crystals |M.L.* | Crystals asa L. a Crystals | M.L.* 
$$ _-——_—__-| ——_|— i SG SOON 
Before crystallization 231 | 267 | | 254 
After crystallization | | 
1. 228 | 454) 214 | 545) 72 | 1180 
2. 210 | 400 | 213 | 314 | 42 239 
3. 196 269 | 164 | 289 14 104 
4 | 188 | 229) 168 | 198} 15 | 49 





* Mother liquor. 

+ After four recrystallizations 81 per cent of the original radio- 
activity remained with the A*-stenol, 62 per cent with the A’- 
stenol, and 6 per cent with the A®*)-stenol. 


that time it had been considered safe to assume, by analogy with 
the known behavior of dihydrozymosterol (5), that conventicnal 
catalytic reduction with platinum in a neutral medium would 
eliminate the double bond in the iso-octenyl side chain but would 
not in any way affect the inert double bond. From the present 
results it is clear, however, that platinum-catalyzed hydrogena- 
tion would have caused an 8,9 or a 7,8 double bond in the nat- 
ural product to shift to the stable 8,14 position. After this had 
been recognized, Raney nickel was used as the catalyst instead, 
and isomerization of the nuclear double bond was thereby 
avoided. 

3. A804 | 4-Dimethylcholestenol (VIIT)—Because double bonds 
in the 8(14) position are stable, the 8(14)-stenol was readily 
obtained by any one of the following routes: (a) hydrogenation 
of the A’- or the A®-isomers with platinum or palladium in neu- 
tral or acetic acid medium; or (6) partial hydrogenation of the 
A®7- or A’-4-dienols with Raney nickel and hydrogen at high 
pressure and elevated temperature. 


Identity of X, with A*:*4-4 , 4-Dimethylcholestadienol 


X, was isolated, as described earlier (2), from rats which had 
been given injections of 1-C'-acetate and which were killed 5 
to 10 minutes later. The material so obtained is essentially 
weightless but highly radioactive. After reduction with Raney 
nickel and hydrogen, the sterol (dihydro-X;) was added to each 
of the three synthetic stenols to determine in which case radio- 
activity remained associated with the carrier on repeated crystal- 
lizations (Table I). When dihydro-X, was cocrystallized with 
the A®-isomer, the radioactivity separated from the solid 
eliminating 8(14) as the site of the nuclear double bond in the 
natural sterol.!. Analogous crystallizations with the A*- and 
A’-isomers gave ambiguous results. After four crystallizations 
of a mixture of dihydro-X, and the synthetic A*-stenol, 81 per 
cent of the original radioactivity persisted in the crystalline 
fraction, whereas in the experiment with the A’-isomer 62 per 
cent of the radioactivity was retained. Although these results 
favor the A® structure, carrier crystallizations are clearly inade- 
quate criteria in the present case. The approach considered 
next was to oxidize dihydro-X; with selenium dioxide in the 
presence of either the A’- or A*-stenol and to plot the weights and 
radioactivity values after chromatography of the oxidation prod- 
ucts. It was realized, however, that A’- and A*-stenols respond 
to selenium dioxide at similar rates and hence were unlikely to 


1On the other hand, C'-dihydro-X,, prepared by reduction 
with platinum in ethylacetate and therefore isomerized, cocrystal- 
lizes with the A8@#)-isomer without loss of radioactivity. 
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yield separable oxidation products. The site of the nuclear 
double bond in X, was eventually established with the aid of 
the method devised by Castells and Meakins (10) for identify- 
ing double bonds in the sterol nucleus. This method entails 
oxidation of the sterols by osmium tetroxide and cleavage to 
carbonyl derivatives which are readily identified by their charac- 
teristic infrared spectra. A’-Stenols yield ketoaldehydes by 
opening of ring B; A*-stenols are transformed to ten-membered 
ring (B,C) diketones and A*“*)-stenols to diketones having one 
CO group in a five-membered ring and the other in a six-mem- 
bered ring. When applied to the three isomeric 4,4-dimethyl- 
stenols, this procedure afforded products whose infrared spectra 
were virtually identical with those reported for the carbonyl 
compounds derived from the 4-unsubstituted stenols (Table II). 
The sites previously assigned to the nuclear double bonds in the 
synthetic dimethylstenols are therefore correct. 

The ketonic products derived from the isomeric stenols can be 
cleanly separated from each other on alumina, and this difference 
in chromatographic behavior provided the means for deducing 
the location of the nuclear double bond in X;. The oxidative 
degradations were therefore repeated with mixtures containing 
C'-dihydro-X, and the A’- and A*-isomers, respectively. The 
resulting carbonyl compounds were subjected to alumina chro- 
matography and the eluted fractions were weighed and assayed 
for C4. For the mixed oxidation products of dihydro-X; and 
the A*-isomer, the plotted results showed complete coincidence 
of the weight and radioactivity curves (Fig. 1). On the other 
hand, in the corresponding procedure with the A’-stenol, the ra- 
dioactivity sharply separated from the solids (Fig. 2). The 
structure of X,, the intermediate in the biological demethylation 
of lanosterol, is thereby conclusively established as A*.**-4 , 4-di- 
methylcholestadiene-36-ol. 

To our knowledge this is the first example of a complete struc- 
tural identification based exclusively on isotopic and biological 
parameters. For obvious reasons the physical properties of this 
new sterol cannot be given at this time. For biological tests the 
synthetic A’-4 ,4-dimethylstenol was labeled by exchange with 
tritium water and shown to be convertible to cholesterol at the 
same rate as the natural product, either before or after side chain 
reduction. These results, and the significance of the fact that 
the 8,9 double bond is retained during removal of the 14-methy] 
group, will be the subject of a separate publication. 


EXPERIMENTAL 


All melting points were taken on a Fisher-Johns apparatus and 
are uncorrected. Rotations were measured in chloroform. 


Synthesis of 4 ,4-Dimethylstenols 


1. A57-4,4-Dimethylcholestadienone-3 (III)—A*:7-Choleste- 
none-3 (IJ) (11) was methylated with methy] iodide in potassium- 
tert-butoxide and tert-butanol, as described by Woodward et al. 
(3) for A*- and A®-cholestenone, respectively, with an average 
yield of 60 per cent. After recrystallization from chloroform- 
methanol or ethyl acetate-methanol the product had an m.p. of 
162-163°, [a], —19° (c, 1.33), Amax. 282.5 my (e 10,100) and 273 
muy (e 9900). 

2. A5.7-4 , 4-Dimethylcholestadienol (IV)—The ketone (I/7) was 
reduced to the corresponding alcohol by refluxing in ether with 
an excess of lithium aluminum hydride for 1 hour. The pre- 
dominant product was the 38-epimer, with an average yield of 
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TaBLeE II 
Infrared spectra of carbonyl derivatives 

; a 

— Product 4,4-Dimethylstenol See Ergostenol* 
| cm) cm.~* | cm." a 
7,8 | Ketoaldehyde | 2680, 1725, 1710 2700, 1725, 1705 

8,9 | Diketone | 1705 1705 | 
8,14 | Diketone | 1732, 1712 1735, 1712 





* Reported by Castells and Meakins (10). 
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Fig. 1. Alumina chromatogram of ketonic products obtained 
from a mixture of A‘-4,4-dimethylcholestenylacetate and 24,25- 
dihydro-X,-acetate after oxidation with osmium tetroxide and 
lead tetraacetate. Curve A (X --- X), weight of products in 
milligrams; Curve B (O —— O), specific activity (C') of products 
in counts per minute per mg. 
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FRACTION NO. 
Fig. 2. Alumina chromatogram of ketonic products obtained 
from mixture of A’-4,4-dimethylcholestenylacetate and 24,25- 
dihydro-X,-acetate after oxidation with osmium tetroxide and 
lead tetraacetate. Curve A (X --- X), weight of products in 
milligrams; Curve B (O —— O), specific activity (C'*) of products 
in counts per minute per mg. 
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60 per cent. A pure sample obtained after crystallizations from 
ethyl acetate-methanol, acetone-methanol, or chloroform-meth- 
anol had an m.p. of 139-141°, fa], —159° (c, 1.39), Amex. 282.5 
my (e 10,300) and 273 my (e 10,300). The acetate of A®7-4,4- 
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dimethylcholestadienol (JV) had the following properties, vir- 
tually identical with those reported earlier (3): m.p. 136-137°, 
[a], —106°(c, 1.08), Amax. 282.5 my (e 11,100) and 273 mu 
(¢ 11,400). 

3. A®:14-4 , 4-Dimethylcholestadienylacetate (V)—The A*7-diene 
(IV) was isomerized to the A*-"-diene (V) as described by Fieser 
(7) for 7-dehydrocholesterol. 200 mg. of A®’?-4,4-dimethyl- 
cholestadienylacetate, dissolved in a mixture of 3.4 ml. of acetic 
anhydride, 1 ml. of benzene, and 0.06 ml. of concentrated hydro- 
chloric acid, were heated in a heating mantle and most of the 
benzene was allowed to distill off. 0.6 ml. of acetic anhydride 
and 0.04 ml. of concentrated hydrochloric acid were then added 
and the mixture was heated under reflux for 1 hour. To neu- 
tralize the excess of hydrochloric acid, sodium acetate was added, 
the mixture was cooled, and the neutral products were isolated 
in the usual manner. The resulting yellow oil (60 per cent) 
crystallized on standing; after recrystallization from ethy] acetate- 
methanol the product had: m.p. 151-153°, [a], —23° (c, 1.71), 
max. 248 mp (¢ 18,600). The free alcohol, obtained by saponifi- 
cation with lithium aluminum hydride, had an m.p. of 144-145°, 
[a], —13° (c, 1.61); and for the benzoate the m.p. was 160—-162°, 
fa], +14° (c, 1.70). 

4. A804 , 4-Dimethylcholestenylacetate (VII)—The following 
procedures all yielded the same products. (a) High pressure 
hydrogenation of the A*-dienylacetate (V) under the condi- 
tions described by Barton and Cox (8) for A*-cholestadienol- 
acetate. The reduction product, after recrystallization from 
ethyl acetate-methanol and dichloromethane-methanol, had an 
m.p. of 115-117°, [a], +30° (average of six determinations, 
with a range of 28-33°). (6) Partial hydrogenation of the 
A®7-3-ketone (J7I) with platinum in ethyl acetate, or of the 
corresponding alcohol (JV) with palladium. (c) Catalytic re- 
duction of A7-"-4 ,4-dimethylcholestadienylacetate with platinum 
in acetic acid until 1 mole of hydrogen had been consumed. For 
the crystalline product the m.p. was 115-116°, [a], +28° (c, 
1.08). (d) Treatment of either pure A7- (VI) or A®-stenol (VJ) 
(cf. below) with platinum and hydrogen in ethyl acetate for 2 
hours. 

The free alcohol had an m.p. of 142-143°, [a], +15° (c. 1.95); 
and the benzoate, an m.p. of 138-140°, |a],, +38° (c, 1.53). 

§. A?-4,4-Dimethylcholestenylacetate (VIIT)—800 mg. of pure 
A®.7.4 ,4-dimethylcholestadienylacetate (I7J) were dissolved in 
50 ml. of absolute ethanol and shaken with 800 mg. of freshly 
prepared Raney nickel catalyst (activity W-4 (12)) at 50° and 
at 45 pounds per sq. in. pressure of hydrogen for 12 hours. After 
removal of the catalyst and evaporation of the solvent, the solid 
residue, which showed no diene absorption in the ultraviolet, 
was crystallized from either ethyl acetate-ethanol or acetone- 
methanol. For this product the m.p. was 134-136°, [a], +25° 
(c, 1.05); the free alcohol obtained by saponification of the ace- 
tate or directly by pressure hydrogenation, as described above, 
of A®7-4, 4-dimethylcholestadienone-3, had an m.p. of 145-147°, 
[a], +5° (c, 1.09); for the benzoate, the m.p. was 162-164°, 
[a], +48° (c, 1.53). 

6. A’-4,4-Dimethylcholestenylacetate (VI)—500 mg. of pure 
A®:14_-4 ,4-dimethylcholestadienylacetate (V) were hydrogenated 
with Raney nickel at elevated pressure, as described for Com- 
pound VJJI. The crude reaction product no longer showed 
diene absorption in the ultraviolet. Since the reduction yielded 
the A®- and A®)-isomers in varying proportions, hydrogenations 
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were carried out with batches not exceeding 2 gm. of dieneacetate, 
The predominant A*-stenylacetate could be separated from the 
mixture in pure form by three crystallizations from ethyl acetate- 
ethanol. The average yield was 30 per cent. The product had 
an m.p. of 122-124°, [a], +37° (average of five samples ranging 
from +35-+41°); free alcohol, obtained by saponification of the 
acetate with lithium aluminum hydride, had an m.p. of 159- 
161°, [a], +41°, (c, 1.39); and for the benzoate the m.p. was 152- 
154°, [a], +60° (c, 1.42). 


Carrier Crystallizations 


The radioactive column fraction, X;, isolated as the acetate 
as described earlier (1), and containing a total of 100,000 c.p.m., 
was shaken for 3 hours in ethanol solution with Raney nickel at 
45 pounds per sq. in. pressure of hydrogen, at room temperature. 
(The same preparation of Raney nickel smoothly reduced the 
24,25 double bond of lanosterol at room temperature and or- 
dinary pressure.) After removal of the catalyst and evapora- 
tion of the solvent at room temperature with a stream of nitro- 
gen, the residue was taken up in cther and treated with lithium 
aluminum hydride under reflux for 1 hour. The product was 
chromatographed on deactivated alumina (2) and then used for 
the crystallizations reported below. Quantities of radioactive 
sterol containing 2000-3000 c.p.m. were added to 10 mg. each of 
the synthetic dimethylstenols, and aliquots of the mixtures were 
plated on aluminum planchets for C assay. Successive crystal- 


lizations from ethyl acetate-methanol gave the results shown in 
Table I. 


Degradations with Osmium Tetroxide 


35 to 40 mg. each of A’-, A’-, and A’@)-4, 4-dimethylcholes- 
tenylacetate were dissolved in 3 ml. of absolute ether containing 
50 mg. of osmium tetroxide and 1 drop of pyridine, and the mix- 
tures were kept in the dark for 5 days. The osmate complexes 
were destroyed by addition of an excess of lithium aluminum 
hydride in ether and by heating of the suspension under reflux 
for 2 hours. After these mixtures were cooled ethyl acetate was 
slowly added to decompose the excess lithium aluminum hydride. 
A saturated solution of ammonium chloride solution was then 
added and the neutral products were extracted with ether. 
Without further purification, the white, semisolid products were 
dissolved in 10 ml. of benzene-chloroform, 1:1; approximately 
50 mg. of lead tetraacetate were added; and the mixtures were 
shaken overnight at room temperature, care being taken to ex- 
clude moisture. After dilution with ether the excess lead tetra- 
acetate was destroyed by shaking with 2 n sulfuric acid and the 
ether layer containing the neutral products was separated. The 
ketonic materials (yield, 27 to 33 mg.) were chromatographed 
on 2 gm. of deactivated alumina. The bulk of the products 
emerged in the benzene and ether-benzene 1:10 eluates. Their 
infrared spectra and, for comparison, the bands reported by 
Castells and Meakins (10) for the oxidation products of the cor- 
responding cholestenols or ergostenols, are shown in Table II. 

For chromatographic separation of the carbonyl derivatives, 
aliquots of C'™-dihydro-X,-acetate containing approximately 
13,500 c.p.m. were mixed with 30 mg. of A*-4,4-dimethylcholes- 
tenylacetate in one experiment and with 30 mg. of A’-4,4-di- 
methylcholestenylacetate in another. The mixtures were oxi- 
dized with osmium tetroxide and lead tetraacetate, as described 
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above, and the products were chromatographed in parallel on 
columns containing 2.5 gm. of deactivated alumina. For elu- 
tion the solvents were as follows: for Fractions 1 to 3, 10 per 
cent benzene-Skellysolve C; Fractions 4 to 7, 25 per cent ben- 
zene-Skellysolve C; Fractions 8 to 12, benzene; Fractions 13 to 
16, 10 per cent ether-benzene; and Fraction 17, ether. Aliquots 
of each eluent fraction were evaporated and transferred to alu- 
minum planchets for C™ assay and for accurate determination of 
the residue weight. The specific activities (counts per minute 
per mg.) and the weights of the column fractions are shown in 
Figs. 1 and 2. 
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SUMMARY 
The syntheses of A’-4 ,4-dimethylcholestenol, A*-4 , 4-dimethyl- 
cholestenol, and A**)-4 ,4-dimethylcholestenol, all starting from 
7-dehydrocholesterol, are described. The naturally occurring 
4,4-dimethylcholestane derivative that had been described pre- 
viously has been related to the synthetic A*-isomer and, there- 
fore, is identified as A*.**-4 , 4-dimethylcholestadiene-38-0l. 


Acknowledgments—The authors are indebted to Professor R. 
B. Woodward for samples of several 4,4-dimethylstenols, and 
to Dr. Roland Kapp, Nopco Chemical Company, for generous 
supplies of 7-dehydrocholesterol. 
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Separation of Steroid Sulfokinases* 
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Recent work in this laboratory has aimed at a clarification of 
the mechanisms involved in biological sulfate transfer. We 
have been able to characterize the carrier of the active sulfate 
in enzymatic systems as being adenosine-3’-phosphate-5’- 
phosphosulfate. Identification and enzymatic synthesis of 
active sulfate have been described in previous papers (1, 2). 
Simultaneously with these efforts, we have begun to identify a 
variety of acceptor enzymes, the sulfokinases that transfer 
activated sulfate from PAPS! to various sulfate acceptors just 
as phosphokinases transfer activated phosphate from ATP to 
various phosphate acceptors. Reports on the function of PAPS 
as a donor in the sulfate transfer to chondroitin sulfate (3) and 
to phenols (4) have already appeared. 

The present paper deals with the sulfate transfer to steroids. 
Several papers have appeared on the synthesis in vitro of steroid 
sulfate (5-7). These reactions have been treated so far as a 
group closely related to, or enzymatically identical with, phenol 
conjugation. It will be shown that the steroid sulfokinases 
are of a multiple nature; two separate kinases were identified 
and separated from phenol sulfokinase. We are inclined to 
conclude that there is a larger family of steroid sulfokinases 
with more or less sharply developed specificity. 


EXPERIMENTAL AND RESULTS 


The sulfurylation of steroids was studied by the methylene 
blue technique adapted for this purpose by Roy (8). Although 
relatively unspecific, the method was found to be very useful 
as an assay procedure. However, color readings proportional 
with concentration were limited to low concentrations. In 
our procedure, proportionality was found up to 25 mymoles 
per sample, which corresponds to a reading of about 100 in the 
Klett colorimeter. More highly concentrated samples had to 
be read after appropriate dilution. 


Procedure with Methylene Blue 


The methylene blue reagent contains 250 mg. of methylene 
blue, 50 gm. of anhydrous sodium sulfate, and 10 ml. of concen- 
trated sulfuric acid in 1 |. of water solution. 1 ml. of the incuba- 
tion mixture is acidified with 0.25 ml. of 0.5 m acetate buffer, 


* This work was supported in part by a grant from the National 
Cancer Institute, National Institutes of Health and by the Life 
Insurance Medical Research Fund, and was carried out in the 
Biochemical Research Laboratory, Massachusetts General 
Hospital. 

t Rockefeller Foundation Fellow. Present address, Biochem- 
ical Institute, Kyoto Prefectural University, Kyoto, Japan. 

The abbreviations used are: PAPS, adenosine-3’-phosphate- 
5’-phosphosulfate; NPS, p-nitrophenyl sulfate; DHA, dehydro- 
isoandrosterone; DHAS, dehydroisoandrosterone sulfate; and 
Tris, tris(hydroxymethyl)aminomethane. 


pH 4.5, and adjusted with water to a total volume of 1.5 mI 
The acidified reaction mixture is heated in a boiling water bath 
for 5 minutes and then cooled. After the addition of 1 ml. of 
methylene blue reagent, the mixture is well homogenized with 
a glass rod or a plunger used to break up clumps of coagulated 
protein. 5 ml. of chloroform is added to the homogenate, and 
the water and chloroform layers are mixed by vigorous shaking 
for 1 minute. The emulsion is cleared by brief centrifugation. 
The water layer is completely sucked off and anhydrous sodium 
sulfate is added to the chloroform solution. After standing 
for a few minutes, the sulfate is filtered off. The extinction is 
measured in an aliquot on the Klett colorimeter equipped with 
Filter 66. If necessary, the color is diluted so as to give a read- 
ing of approximately 100. A blank is carried with each experi- 
ment and the diluted samples are corrected by matching with 
equally diluted blanks. 

Standard curves were prepared by the use of p-nitrophenyl 
sulfate and pheny] sulfate, which was synthesized and kindly 
supplied by Dr. John Gregory. As a standard for steroid sulfate 
determination DHAS was used. This compound was kindly 
supplied to us by Dr. Lewis L. Engel. The standard curves for 
the NPS and DHAS are shown in Fig. 1. The broken line shows 
the deviation from proportionality if readings are carried out 
without dilution. The color readings for 25 mumoles of NPS, 
of DHAS, and of phenyl sulfate correspond to 110, 100, and 33, 
respectively, on the Klett colorimeter. According to recent 
experiments by Gregory,? the low reading for phenyl sulfate 
appears to be the result of a rather unfavorable partition coef- 
ficient. 

The presence of large amounts of chloride and perchlorate in 
test samples causes a considerable transfer of methylene blue into 
the chloroform phase and results in blanks of very high readings. 
Therefore, when possible, the use of chlorides has to be avoided. 


Sulfate Transfer to Steroids 


PAPS-generating System—In the study of sulfate transfer to 
steroids, a yeast system was used for generation of PAPS, 
similar to that contained in an early fraction in the separation 
procedure recently reported by Robbins and Lipmann (2). 
National baker’s yeast (1.5 pounds) was frozen with Dry-Ice 
and ether and extracted overnight with 800 ml. of 0.05 m KzHPO, 
in the cold room. The suspension was centrifuged at 3000 x 
g for 30 minutes, and the supernatant solution was adjusted to 
pH 5.9 by addition of normal acetic acid. The precipitate was 
discarded after centrifugation, and the supernatant solution, 
still acid and containing 0.02 m Versene (the disodium salt of 
ethylenediaminetetraacetic acid, Dow Chemical Company), 


2 John D. Gregory, unpublished results. 
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Fig. 1. Standard curves for NPS and DHAS. The determina- 
tion, by means of methylene blue and chloroform extraction, was 
carried out as described in the text. When dilution is indicated, 
the sample was diluted to a reading of about 100 on the Klett 
colorimeter, 7.e. 2- to 4-fold with the higher concentrations. 
O- - -O shows that the optical density is not linearly proportional 
with concentrations reading above 100. 
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Fig. 2. Rate of formation of NPS and DHAS in the standard 
assay system. The assay was carried out as described in the 
text. The enzyme preparation used was from rabbit liver and 
corresponded to the gel supernatant fluid fraction of Table II. 
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Fic. 3. Separation of phenol and steroid sulfokinase by (NH,)2SO, fractionation. 


fraction from rabbit liver was used as the initial material. 


assayed by the method described in the text. 
A shows the original fractionation. 
fractions. 


sulfokinase. 
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TasBLeE I 
Effect of DHA concentration on DHAS synthesis 


The incubation procedure and assay method are described in 
the text. 








DHA | DHAS formed 
pmoles/ml. mymoles/hr. 
0.025 19 
0.05 27 
0.1 38 
0.2 54 





Tas_e II 
Ammonium sulfate fractionation of alumina gel supernatant fluid 
and alumina gel eluate 


The method of fractionation and assay procedure are those 
described in the text. 

















Ester sulfate formed 
Material | pn my | | 
| NP* | DHA Estrone 
mpmoles/mg. protein 
Gel supernatant fluid. . .| 00.55 | 20 | 5 1.1 
Gel eluate.............. 0.2-0.55 30 | 16 1.8 
| 0.55-0.75 20 | 2@ | 0.5 





* NP, p-nitrophenol. 


was brought to 0.6 ammonium sulfate saturation by addition 
of a saturated solution of ammonium sulfate. The precipitate, 
which contained the activating system, was centrifuged at 
10,000 r.p.m. in the Servall centrifuge (Ivan Sorvall, Inc.) and 
was dissolved in 0.02 m Tris buffer of pH 7.6 or 7.8. In this 
manner, 60 to 70 ml. of a concentrated sulfate-activating system 
were obtained. 

Test System for Sulfurylation of Steroids and Nitrophenol— 
The assay mixture contained, in a total volume of 1 ml., 100 
pmoles of phosphate buffer, pH 7, 12.5 umoles of magnesium 
sulfate, 10 zmoles of potassium sulfate, 5 ymoles of neutralized 
cysteine HCl, and 10 wmoles of potassium ATP. For the stand- 





B 


9 mumoles 
a 
° 
— 


re 

° 

°o 
' 


Loa” gsr ty 


DHAS 
! ee P| 
02 053 O04 0.5 
(NH4)2504 saturation 








Ester sulfate 
oO 
°o 





The alumina gel supernatant fluid 


The fractionation was carried out by the addition of saturated 
(NH,)2SO, solution and centrifugation of the precipitated protein. 


All fractions were dissolved in dilute Tris, pH 7.5, and 


B shows a further fractionation carried out on the combined, initial 0.25 and 0.35 (NH,)o§ 
As can be seen, the secondary 0.25 and 0.35 (NH,).SO, fractions thus obtained were completely free from DHA. 
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TasBLe III 
Reactivity of rabbit liver steroid sulfokinase 
The steroids were dissolved in propylene glycol to give a 1 
mM solution and were tested in the assay system described in the 
text. The enzyme preparation used was an alumina gel eluate 
fractionated with (NH4)2SO, between 0.5 and 0.6 saturation. 














Steroid Steroid sulfate formed 
mpmoles/1.7 mg. protein 

38-Hydroxyandrost-5-ene-17-one (dehy- 

droepiandrosterone)..................... 46 
38-Hydroxy-5a-androstan-17-one _(epian- 

sin W on) Givens yp iain Shon 60/00 36 
36-Hydroxy-4-pregnen-20-one (pregnenol- 

RRM c Aa. as 0s a visa reieeh abe esac 2 27 
38-Hydroxy-58-androstan-17-one (etiocho- 

lan-36-ol-17-one)...................000: 2 
38-Hydroxycholest-5-ene (cholesterol)...... 0 
3a-Hydroxy-5a-androstan-17-one (andros- 

SS ee eer ee eee 4 
3a-Hydroxy-58-androstan-17-one (etiocho- 

lan-3a-ol-17-one)... 2.2.0.0... 0.0 c ce eee 3 
178-Hydroxyandrost-4-ene-3-one _(testos- 

a ge a a ne ee 11 
4-Pregnen-21-ol-3,20-dione (deoxycorticos- 

IN RAs od 5 ears viv ug SOKO EN an 886 6 

TaBLe IV 


Separation of steroid sulfokinase activities in 
liver preparations from various animals 

The supernatant fluid obtained from centrifugation in the 
Spinco ultracentrifuge was prepared from freshly excised livers 
by the method described in the text, and ammonium sulfate 
was added to 0.55 saturation. After dissolving the protein pre- 
cipitate in 0.05 Tris buffer, pH 7.2, 0.2 ml. of enzyme was used 
for the standard assay. 























Ester sulfate formed 
Animal 
ini .-| Pp : 
NP DHA | Andros- | Pregne- | estrone 
mymoles/mg. protein 
Rat, malef.......... 13 4.9 | 3.8 5.8 
Rat, femalef........ 11 7.5 7.8 8.5 
OS SSS eee 18 7.8 | 4.2 
eR A 27 11 3.2 | 84 | 1.4 











* NP, p-nitrophenol. 

7 No consistent preferences were found between livers from 
male and female animals in their activity towards male or female 
types of hormones. 


ard assay procedure, 0.001 m solutions of steroids were prepared 
in propylene glycol, and 0.1 ml. of this solution was added per 
tube; this corresponded to 0.1 wmole per ml. In the p-nitro- 
phenol assay, 0.2 umole per ml. was used. As a sulfate “feeder” 
system, 0.2 ml. of the yeast extract concentrate was added per 
tube. Generally, 0.2 ml. of liver enzyme fraction per tube was 
used to test for the various acceptor enzymes. 

Fig. 2 shows the time course of sulfurylation of DHA. The 
rate of conjugation is proportional with time for at least 1 hour. 
In the standard assay for steroid conjugation, therefore, an in- 
cubation time of 1 hour was chosen. DHA was used through- 
out as the standard reference for steroid conjugation. For 


Separation of Steroid Sulfokinases 


Vol. 233, No. 6 


the assay of phenol conjugation, the incubation time was 20 
minutes. In this case, as indicated in Fig. 2, the rate of reaction 
is constant only for the first 20 minutes, probably because of 
the relatively easy reversibility of the reaction between nitro 
phenol and PAPS, described by Gregory and Lipmann (4) 


TABLE V 
Sulfokinase activity in rabbit organs 

Supernatant fluids obtained by centrifugation in the Spines 
ultracentrifuge were prepared in the usual way except that instead 
of sucrose, isotonic sodium chloride was used for the intestinal 
extract. Ammonium sulfate was added to 0.7 saturation, and 
the precipitated protein was dissolved in 0.05 m Tris buffer, pH 
7.2. The rates of formation of NPS and DHAS were determined 

by the method described in the text. 





Ester sulfate formed 
Organ — 
NP* | DHA 








mpmoles/mg. protein 
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Fic. 4. Separation of sulfokinases by resin electrophoresis. 
The general method for electrophoresis on Geon 426 was the same 
as that described in a previous publication from this laboratory 
(12). The preparation of the enzyme fraction used is described 
in the text. Electrophoresis was carried out for 40 hours at 200 
volts with 0.1 m Tris acetate buffer, pH 7.6 which contained 0.03 




















M Na2SO,. Each 1-cm. section of resin was extracted with 6 ml. 
of water.. The extracts were used for determining sulfokinase 
activities. NP represents p-nitrophenol. 
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Fig. 5.-Electrophoresis of steroid sulfokinases on Geon 426. 
The experimental procedure was the same as described in Fig. 4. 
Steroid sulfate formation was determined by the standard assay 
procedure. 
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For this reason, in the standard procedure for testing phenol 
conjugation, a shorter time and a higher substrate concentration 
were used. As can be seen in Table I, the concentration of 0.1 
pmoles/ml. for DHA sulfurylation as chosen in the standard 
test does not saturate the enzyme system. 

Separation of Specific Sulfate Transfer Enzymes from Liver 
Extract—The fractionation procedure was similar to the one used 
by Hilz and Lipmann (9) and by Robbins and Lipmann (1). 
93 gm. of liver from a male rabbit were homogenized in the War- 
ing Blendor for 30 seconds in 300 ml. of 0.25 m sucrose solution 
and centrifuged at 400 x g for 60 minutes in the International 
centrifuge model PR-2. Mitochondria were then agglomerated 
by the addition of 0.1 of the volume of 1.5 M potassium chloride 
and centrifuged at 4000 x g for 1 hour in the International 
centrifuge. The supernatant fluid was centrifuged for 60 
minutes at 78,000 x g in the Spinco ultracentrifuge. The 
supernatant fluid (250 ml.) obtained from this operation was 
mixed with 100 ml. of alumina gel Cy as described earlier (9), 
and after stirring was centrifuged for 30 minutes. The gel 
supernatant solution was used as such. The centrifuged gel 
cake was extracted with 500 ml. of 0.2-saturated ammonium 
sulfate and centrifuged, and the supernatant fluid used. These 
fractions are referred to as gel supernatant fluid and gel eluate 
and correspond to the fractions used in earlier work (1, 9). 
The supernatant solution was practically free from sulfate-ac- 
tivating enzymes; the eluate contained a sulfate-activating 
system which, however, was separated from the sulfokinases 
during the subsequent fractionation with ammonium sulfate. 

Separation of Phenol- and DH A-sulfokinases—In general, gel 
eluate was richer in steroid sulfokinases than in phenol sulfo- 
kinase. A preliminary partial separation by ammonium sul- 
fate is presented in Table Il. The two enzymes could be fully 
separated by a finer ammonium sulfate fractionation and the 
nonidentity of the two enzymes can thus be proved. Fig. 
3A shows DHA-sulfokinase to precipitate at higher ammonium 
sulfate concentrations. By refractionation, then, with am- 
monium sulfate, phenol sulfokinase can be obtained free from 
DHA-kinase, as shown in Fig 3B. However, all phenol sulfo- 
kinase preparations were active with nitrophenol as well as 
with phenol, which confirms the relative nonspecificity of this 
enzyme suggested by earlier experiments from this laboratory 
(4). 

In the course of this work, we have tested for a sulfurylation 
of tyrosine (cf. 10, 11) in the liver preparation. The methylene 
blue method cannot be used for the assay of tyrosine sulfate. 
Paper electrophoresis and chromatography with colorimetric 
or radioautographic detection methods were used but failed to 
show a reaction with free tyrosine. 

The results of tests with a fractionated DHA enzyme for the 
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table indicates that of all compounds tested, 38-hydroxysteroids 
are the most reactive with this fraction, although not all of these 
steroids do react. The spectrum of steroid conjugation with 
liver preparations obtained from different animals is shown in 
Table IV. It can be seen that relative activity differs from 
animal to animal. 

Furthermore, sulfate conjugation was compared in prepara- 
tions of rabbit kidney, intestine, and liver. As shown in Table 
V, of the organs studied only the liver showed the presence of 
steroid sulfokinase but kidney and intestine showed significant 
conjugation with nitrophenol. 

Separation of Hydroxysteroid Sulfokinases—Electrophoresis 
on a resin slab yielded a further separation into more specific 
acceptor fractions. An alumina gel adsorbate was prepared as 
described and eluted with 0.25-saturated ammonium sulfate. 
From this, the fraction precipitating between 0.4 and 0.6 am- 
monium sulfate saturation was separated and dialyzed for 20 
hours against 0.02 m Tris buffer, pH 7.6, containing 10~* m 
ethylenediaminetetraacetic acid. As shown in Fig. 4, fractions 
specific for nitrophenol, estrone, and DHA separate, and it can 
be shown rather clearly that two different enzyme proteins 
are reactive with DHA and estrone, respectively. A further 
separation of subfractions with more highly differentiated speci- 
ficity does not seem to be feasible with this method, as indicated 
by data presented in Fig. 5. 

This may mean that DHA, androsterone, and pregnenolone 
are sulfurylated through the same acceptor enzyme. However, 
among similar liver fractions there are great quantitative varia- 
tions with regard to different compounds. Thus, eluate frac- 
tions have been obtained which show considerable activity with 
DHA and pregnenolone, but no activity with androsterone. 
These results indicate that the fractions obtained with our present 
methods still represent mixtures of sulfokinases of greater speci- 
ficity. 


SUMMARY 


By a combination of alumina gel absorption and ammonium 
sulfate fractionation, it could be shown that the sulfate transfer 
to phenols and steroids by an adenosine-3’-phosphate-5’- 
phosphosulfate-generating system is attributable to different 
sulfokinases. Electrophoresis on Geon 426 (B. F. Goodrich 
Company) further separated the steroid sulfokinases into at 
least two subfractions. Indications were found of the presence 
of a still greater variety of individually specific steroid sulfo- 
kinases. 

Kidney and intestine contain phenolsulfokinase but no steroid 
sulfokinases. 
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Arginine-Vasotocin, a Synthetic Analogue of the Posterior 
Pituitary Hormones Containing the Ring of Oxytocin 
and the Side Chain of Vasopressin* 
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From the Department of Biochemistry, Cornell University Medical College, New York, New York 
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Several analogues of the posterior pituitary hormones, oxytocin 
I and the vasopressins' II and III, have been synthesized in this 
laboratory (1-5) in an attempt to detect possible correlations 
between chemical structures and biological properties in this 
group of compounds. Among these analogues is oxypressin 
IV (1), a cyclic octapeptide amide which contains a cyclic 
pentapeptide amide portion identical with the one existing in 
the vasopressins, linked to the tripeptide amide side chain that is 
present in oxytocin. It may be recalled that oxypressin possesses 
very low pressor activity, although it contains the ring structure 
that is present in the vasopressins. This may be attributable 
(2) to the absence of a strongly basic amino acid in the side chain, 
such as is present in the vasopressins. 

It was therefore of interest to synthesize and determine the 
biological properties of a compound which, like oxypressin, 
would also be a combination of the two moieties existing in 
oxytocin and vasopressin but, unlike oxypressin and histidine- 
vasopressin, would have a strongly basic amino acid in the side 


chain. 


ScHEeME I 
CyS-.Tyr.Tleu.Glu-NH2. Asp-NH2.CyS8- .Pro.Leu.Gly-NH2 





Oxytocin 
I 
CyS-.Tyr.Phe.Glu-NH2. Asp-NH2.CyS8-. Pro. Arg.Gly-NH2 





Arginine-vasopressin 
II 
CyS-.Tyr.Phe.Glu-NH2. Asp-NH2.CyS-. Pro. Lys.Gly-NH:2 





Lysine-vasopressin 
III 
CyS8-.Tyr.Phe.Glu-NH2. Asp-NH2. Cy8-. Pro. Leu.Gly-NH: 





Oxypressin 


IV 
CyS8-.Tyr.Ileu.Glu-NHe. Asp-NH2.CyS- .Pro. Arg.Gly-NH2 





Arginine-vasotocin 
V 


This paper describes the synthesis and purification of such a 
compound. We have tentatively named the compound 


“arginine-vasotocin,” since it is conceivable that lysine-vasotocin 
might sometime be synthesized. The arginine-vasotocin would 
be the cyclic disulfide of 1-cysteinyl-1-tyrosyl--isoleucy]-1- 
glutaminyl-L-asparaginy] -L-cysteinyl-L-prolyl-L-arginylglycin- 
amide. In other words, it would be the cyclic octapeptide amide 
that contains a cyclic pentapeptide amide portion identical with 
the one existing in oxytocin I, linked to the tripeptide amide side 
chain that is present in arginine-vasopressin II. It will be noted 
that the combination of “hormone moieties’ existing in arginine- 
vasotocin is the reverse of the one existing in oxypressin. 

The synthesis of this octapeptide amide followed the pattern 
used in this laboratory for the synthesis of the posterior pituitary 
hormones (6-9) in that it involved the preparation of a protected 
nonapeptide amide, in this case S-benzyl-N-tosyl-L-cysteiny]-1- 
tyrosyl -L-isoleucy]l -L-glutaminyl-.- asparaginyl-S- benzyl-.- 
cysteinyl-1-prolyl-L-arginylglycinamide, cleavage of the protect- 
ing groups with sodium in liquid ammonia, and oxidation of the 
resulting sulfhydryl nonapeptide to the cyclic octapeptide amide. 

The preparation of the protected nonapeptide intermediate 
was accomplished by an approach similar to that used for the 
synthesis of arginine-vasopressin (9). For arginine-vasotocin 
the protected hexapeptide amide (10), carbobenzoxy-1-gluta- 
minyl-L-asparaginy] - S - benzyl-L-cysteinyl-L-prolyl-L-arginyl- 
glycinamide hydrobromide, was decarbobenzoxylated with HBr 
in acetic acid and the resulting hexapeptide amide dihydrobro- 
mide was converted to the monohydrobromide with triethyl- 
amine and then coupled with S-benzyl-N-tosyl-L-cysteiny]-1- 
tyrosyl-L-isoleucine azide to give the protected nonapeptide 
amide hydrobromide. The protected tripeptide azide was 
prepared from the corresponding hydrazide (11), which in turn 
was prepared from S-benzyl-N-tosyl-L-cysteinyl-L-tyrosyl-1- 
isoleucine methyl ester. This ester was originally prepared by 
Honzl and Rudinger (11) by the coupling of S-benzyl-N-tosyl-1- 
cysteinyl-L-tyrosine azide with L-isoleucine methyl ester in 
yields of 33 per cent and of 66 per cent. We have obtained 
this compound in 78 per cent yield by the coupling of S-benzyl- 
N-tosyl-L-cysteinyl-1-tyrosine (8, 11) with 1-isoleucine methy] 


* This work was supported in part by a grant from the National 
Heart Institute, United States Public Health Service, Grant H- 
1675. 

1 The vasopressins isolated from beef and hog posterior pitui- 
tary glands have been found to differ in amino acid composition 
and have been named arginine-vasopressin and lysine-vasopressin, 
respectively. 
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ester according to the N , N’-dicyclohexylcarbodiimide procedure 
12). 

The crude protected nonapeptide amide hydrobromide was 
treated with sodium in liquid ammonia to remove the protecting 
groups. The reduced material obtained after evaporation of 
the ammonia was oxidized by aeration in dilute aqueous solution 
at pH 6.5 and then tested for biological activity. The solution 
was assayed for pressor activity in the rat (13), for avian depres- 
sor activity by the Coon method (14), and for oxytocic activity 
by the rat uterine strip method (15, 16), and it was found to 
possess all three activities. 

The treatment with sodium in liquid ammonia and subsequent 
oxidation of a total of 1.45 gm. of crude nonapeptide in several 
batches gave a solution which possessed approximately 70,000 
pressor units. This solution, upon concentration and lyophiliza- 
tion, yielded a solid which weighed 3.5 gm. and consisted of a 
mixture of peptide material and inorganic salts. Upon assay, 
this solid was found to possess a total of 28,000 pressor units 
which indicated that during concentration and lyophilization 
approximately 60 per cent of the activity was lost. A similar 
situation was encountered, although not to as great an extent, 
during synthetic studies on arginine-vasopressin (9, 17). 

For purification, the crude active material was subjected to 
countercurrent distribution in the system 2-butanol-0.06 m-p- 
toluenesulfonic acid. Assay for pressor activity was used to 
locate the active material during the distribution. After 1440 
transfers, the activity was concentrated in a single peak having 
a partition coefficient (K) of 0.58. The contents of the tubes 
containing the bulk of the material in the peak were combined, 
concentrated, and lyophilized to give 155 mg. of a product with 
a specific activity of 100 avian depressor units per mg. For 
further purification, 100 mg. of this material were subjected 
to electrophoresis with cellulose as the supporting medium (18) 
in a pyridine-acetate buffer at pH 4.0 and yielded, as the most 
active fraction, 25 mg. of a product which possessed approxi- 
mately 150 avian depressor units per mg. Determination of 
the amino acid content of this product gave the expected results. 

This purified material was also assayed for pressor and oxytocic 
activity and found to possess approximately 125 pressor units 
per mg. and 75 oxytocic units per mg. in relation to the U.S.P. 
Standard Posterior Pituitary Powder.’ 

The high pressor activity of the compound substantiates the 
assumption (2) that a strongly basic amino acid in the side chain 
is one requirement for high pressor activity. On the other hand, 
the high avian depressor and oxytocic activities of arginine- 
vasotocin indicate the importance of an oxytocin-like ring struc- 
ture in the molecule for possession of these activities in a high 
degree. 


EXPERIMENTAL 


S-Benzyl-N -tosyl-1-cysteinyl-1-tyrosyl - t - isoleucine Methyl 
Ester—A solution of 2 gm. (0.111 mole) of t-isoleucine methyl 
ester (19) in 30 ml. of tetrahydrofuran and 1.5 ml. of triethyl- 
amine was stirred for 15 minutes and the precipitated triethyl- 
amine hydrochloride was filtered off. The filtrate was cooled 
to 0° and 5.3 gm. (0.011 mole) of S-benzyl-N-tosyl-L-cysteinyl- 
L-tyrosine (8, 11) dissolved in 20 ml. of tetrahydrofuran were 
added along with 2.3 gm. of N,N’-dicyclohexylearbodiimide. 


? The United States Pharmacopeia has assigned a value of 0.40 
unit per mg. to the Posterior Pituitary Standard Powder. 
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The reaction mixture was stirred at 0° for 4 hours and allowed to 
stand overnight in the refrigerator after the addition of a few 
drops of acetic acid. The precipitated N ,N’-dicyclohexylurea 
(2.3 gm., m.p. 232°) was filtered off and the filtrate was concen- 
trated to dryness in a vacuum. The semisolid residue was 
triturated with 30 ml. of warm ethyl acetate and the crystallized 
product (4 gm.) was separated by filtration. The ethyl acetate 
filtrate was washed successively with water, aqueous potassium 
bicarbonate, water, dilute acetic acid, and water, and then it was 
dried over MgSO, and concentrated to dryness in a vacuum. 
The residue, after trituration with ether, amounted to 0.9 gm. 
The combined crude product (4.9 gm.) was recrystallized from 
hot methanol to give 4.5 gm. (78 per cent) of material as long 
needles, m.p. 194°. Honzl and Rudinger (11) report a m.p. 
of 193-195° for this compound. 

Preparation of Protected Nonapeptide Amide S-Benzyl-N- 
tosyl-z -cysteinyl-1-tyrosyl-t-isoleucyl-z -glutaminyl-z -asparaginyl- 
S-benzyl-1-cysteinyl -t-prolyl-i-arginylglycinamide Hydrobromide 
with Subsequent Reduction and Ovxidation—Carbobenzoxy-t- 
glutaminyl-L-asparaginyl-S-benzyl-L-cysteinyl-L-prolyl-L-arginyl- 
glycinamide hydrobromide (10) (0.8 gm., 0.82 mmole) was 
treated with 20 ml. of acetic acid saturated with HBr for 30 
minutes at 40-45° and then for 30 minutes at room temperature 
(9). The hexapeptide amide dihydrobromide was precipitated 
with ether and was further purified by precipitation from meth- 
anol with ether; 0.7 gm. 

To a solution of 0.5 gm. (0.75 mmole) of S-benzyl-N-tosyl-1- 
cysteinyl-L-tyrosyl-L-isoleucine hydrazide (11) in a mixture of 
35 ml. of acetic acid and 10 ml. of 2 N hydrochloric acid, cooled 
at —10°, were added 57 mg. (0.82 mmole) of sodium nitrite 
dissolved in 1 ml. of water. The mixture was stirred for 7 min- 
utes at 0° and the azide was precipitated with the addition of 
200 ml. of cold water. It was then filtered off and washed suc- 
cessively with ice-cold water, aqueous potassium bicarbonate, 
and water, and dried in a vacuum at 0° over POs. The product, 
m.p. 185-187°, weighed 0.48 gm. 

To a solution of 0.54 gm. (0.58 mmole) of the hexapeptide 
amide dihydrobromide in 7 ml. of dimethylformamide and 0.11 
ml. (0.80 mmole) of triethylamine was added 0.48 gm. (0.72 
mmole) of the azide. The reaction mixture was stirred overnight 
at 5° and for 2 hours at room temperature. The product was 
precipitated with the addition of ethyl acetate, collected by 
filtration, washed with ethyl acetate and ether, and dried; 
0.64 gm. A total of 1.45 gm. of crude protected nonapep- 
tide amide were prepared by several repetitions of this pro- 
cedure, and the compound was converted to biologically ac- 
tive material by reduction with sodium in liquid ammonia 
(6, 7). In a typical experiment, 500 mg. of crude protected 
nonapeptide amide hydrobromide were dissolved in 100 ml. of 
liquid ammonia in a 250-ml. round bottom flask. The reduction 
was carried out at the boiling point of the solution by dipping a 
glass tube containing sodium below the surface of the solution 
until a permanent blue color was obtained. 80 mg. of ammonium 
chloride were then added and the ammonia was evaporated. The 
residue was dissolved in 500 ml. of 0.1 per cent acetic acid, 
the pH was adjusted to 6.7, and the solution was aerated with 
CO-free air for 1 hour. This procedure was repeated until 
all of the crude, protected nonapeptide amide hydrobromide 
had been reduced, and the solutions were combined, concentrated 
to a small volume in a rotary evaporator (20), and lyophilized. 
The solution before concentration and lyophilization was assayed 








1354 


for pressor activity in the rat (13) and found to possess approxi- 
mately 70,000 pressor units. However, after concentration 
and lyophilization of this solution, 3.5 gm. of solid were obtained 
which upon assay were found to possess a total of 28,000 pressor 
units. 

Purification and Isolation of Active Product—The lyophilized 
crude product (3.5 gm.) was placed in the first 14 tubes of the 
all glass countercurrent distribution apparatus (21) and dis- 
tributed in the system 2-butanol-0.06 m-p-toluenesulfonic acid. 
The progress of the purification was followed by determining the 
Folin color (22) and the pressor activity (13) of selected tubes. 
After 1440 transfers, the solvent from the tubes containing the 
active peak (K = 0.58) was removed and pooled. The phases 
were separated, the organic phase was extracted three times with 
water, and the extracts were combined with the main aqueous 
solution. This solution was passed through an Amberlite IR-45 
column in the acetate form to remove the p-toluenesulfonic acid. 
The solution was then concentrated in a rotary evaporator 
and lyophilized to give 155 mg. of a powder which had an activity 
of 100 avian depressor units per mg. (14). 

100 mg. of this material were subjected to electrophoresis 
on a cellulose block (18) at pH 4.0 ina pyridine-acetate buffer for 
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42 hours at 5° with a potential of 400 volts. The solutions from 
the most active segments were combined and lyophilized to 
give 25 mg. of white, fluffy solid. The biological assays were 
performed on this solid with the results already presented. 
Amino acid analysis by the starch column chromatographic 
method (23) of the synthetic material after acid hydrolysis 
showed the expected composition, expressed as follows in molar 
ratios with the ratio for isoleucine arbitrarily taken as 1: iso- 
leucine 1.0, tyrosine 0.9, proline 0.8, glutamic acid 1.0, aspartic 
acid 1.1, glycine 1.1, arginine 1.0, cystine 0.8, and ammonia 3.5. 


SUMMARY 


A cyclic octapeptide amide containing a cyclic pentapeptide 
amide moiety identical with the one existing in oxytocin linked 
to a tripeptide amide side chain identical with the one existing 
in arginine-vasopressin, has been synthesized and tested for 
biological activity. It was found to possess oxytocic, avian 
depressor, and pressor activities of a high order of magnitude. 


Acknowledgment—The authors wish to thank Mr. Robert L. 
Tostevin and Miss Imelda Llorens for performing the assays 
reported herein. 
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The Reversibility of Inactivation of Chymotrypsin* 
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Previous studies have shown that a number of factors can 
affect the rate, extent, or reversibility of denaturation. These 
factors include the nature and concentration of salt present 
(1-4), the concentration of protein (3, 5), the pH (6), and the 
nature of the denaturing agent (2). 

The return of enzymic activity after its loss through a process 
leading to denaturation is generally regarded as evidence of a 
return of the protein structure, or at least of that part of it con- 
cerned with the enzyme action, to its native state. In the case 
of chymotrypsin, it is well known that the return of catalytic 
activity occurs after cooling a hot acid solution (6) or after dilu- 
tion of a solution in strong urea (7). Yet the reactions in- 
volved in such reversion are admittedly complex, and small 
(even unintentional) variations in experimental conditions may 
be of importance. The failure of such reversion to occur has 
been occasionally observed in this laboratory, and was found to 
be attributable to the presence of a small amount of ammonium 
sulfate in the system. Therefore, the present study is an at- 
tempt to correlate the effect of certain salts that prevent the 
reversion of denatured chymotrypsin to active enzyme. Such 
effects were found to require surprisingly small concentrations 
of some salts, the presence of which, at low levels, might well be 
disregarded at times. There is, moreover, no compelling reason 
to regard the reverted protein as necessarily the same as the 
original. Indeed, in the case studied here there is good evidence 
to the contrary, at least under the particular experimental con- 
ditions used. 


EXPERIMENTAL 


Materials and Methods 


The chymotrypsin used was a salt-free protein' prepared by 
crystallization from alcohol (8). 1.-Tyrosine ethyl ester was a 
commercial product recrystallized before use. Urea and the 
salts used were reagent grade commercial chemicals. 

Tyrosine ethyl esterase activity was measured at pH 6.25 to 
6.40 by the method of titration at approximately constant pH 
(9). Small electrodes from a pH meter dip into the solution of 
substrate, usually 2.0 ml., which is contained in a cup mounted 
vertically on the shaft of a small variable-speed motor. The 
rotation of the cup accomplishes rapid stirring. The tip of a 


* Journal publication No. 1305 of the Purdue University Agri- 
cultural Experiment Station, Lafayette, Indiana. 

+ Present address, Takamine Laboratories, Clifton, New Jer- 
sey. 

' The chymotrypsin used was from the Worthington Biochemi- 
cal Corporation. We are informed that the chymotrypsinogen 
used was crystallized three times; the chymotrypsin therefrom 
was crystallized three times from salt solutions and one final time 
from alcohol. 


microburette is brought beneath the surface of the liquid, and 
the enzyme solution is added from a micropipette. For chymo- 
trypsin, the solution contained 20 umoles of tyrosine ethy] ester 
previously neutralized to about pH 6.3. The liquid was titrated 
with 0.10 n NaOH. Five or six readings were usually taken 
over a period of 3 to 5 minutes. The reaction curve with normal 
chymotrypsin is always an almost perfectly straight line until 
the substrate is depleted by more than 2 or 3 per cent. The 
activity was calculated from the slope of this curve and is ex- 
pressed here as moles of alkali used per minute per gm. of pro- 
tein (esterase units). The proportionality of the slope to the 
dose of enzyme has been previously established by many workers. 

Milk-clotting activity was measured by the time required for 
a curd to form at 40° (pH 6.4) in a test tube (18S mm. X 150 
mm.) in a mixture consisting of 10 ml. of skimmed milk, 0.1 ml. 
of 1 m calcium chloride, and 0.1 to 1.0 ml. of enzyme solution. 
Since many previous workers have found that the clotting time 
is directly proportional to the quantity of enzyme present, the 
results are expressed as milk-clotting units as follows: 1/|(time 
in minutes)(mg. enzyme)]. The volume of the enzyme solution 
added to 10 ml. of milk made no appreciable difference in the 
clotting time, provided that it was less than 1.5 ml. 


DISCUSSION 


Effect of pH on Reversibility of Thermal Denaturation—Solu- 
tions of chymotrypsin (2.5 mg. per ml.) were adjusted to various 
pH values by the addition of dilute sodium hydroxide or hydro- 
chlorie acid. An aliquot of each solution was heated in boiling 
water for 3 minutes, cooled in ice for 1 minute, and allowed to 
stand at room temperature for 30 minutes. Aliquots of both 
the heated and unheated samples were assayed for chymotryptic 
activity by two procedures. The experiment was essentially a 
repetition of those described by Kunitz and Northrop (6) but 
at several pH levels. The results are shown in Fig. 1. The 
optimal pH for reversal is seen to be the same as the pH of 
maximal stability for this enzyme (6). 
gave the same results. 

Effect of Protein Concentration on Thermal Denaturation—V ari- 
ous concentrations of enzyme were prepared in 0.0025 m hydro- 
chloric acid, and aliquots were heated, cooled, and assayed as 
described above. The pH levels of these solutions varied from 
3.0 to 3.5, and thus, in all cases, the mixtures were within the 
range of high stability. Fig. 2 presents the data obtained. At 
all concentrations above 7.5 mg. per ml. precipitation occurred, 
and at 25 mg. per ml. a gel formed during the 3-minute heating 
period. Such precipitates and gels did not revert to active en- 
zyme upon cooling. These results indicate that, in the absence 
of salts, aggregation of denatured protein molecules is a major 


Both assay procedures 
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Fig. 2. Effect of protein concentration on the return of enzymic 
activity after heating in acid solutions. 
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factor in the irreversible phase of thermal denaturation of 
chymotrypsin. 

Effect of Salts—A sufficient quantity of the salt being studied 
to make a 0.01 m solution was dissolved in a solution of chymo- 
trypsin (2.5 mg. per ml.) in 0.0025 m hydrochloric acid. Ali- 
quots were heated, cooled, and assayed as before. 

Table I shows the results obtained with a variety of salts. 
Both sodium and ammonium sulfates were found to prevent the 
return of activity when the heated enzyme solutions were cooled. 
The failure of calcium chloride and of ferric chloride to bring 
about the same result seems to rule out a general ionic strength 
effect, and the similar failure of ammonium chloride and of so- 
dium chloride (the latter also at a concentration of 0.05 m) ap- 
pears to indicate that the lack of reversibility was not owing to 
the concentration of these cations. 

The behavior of the sodium or potassium salts of a number 
of dicarboxylic acids shows that sulfate is not specific in inhibiting 
the reversion of the heated protein. However, all the organic 
acids that were tried proved to be inhibitors only at pH levels 
where the acid in question existed in appreciable quantity as a 
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bivalent anion. The sulfates were the only inorganic salts of 
which this was true at a pH level where the pH effect alone might 
not be sufficient to cause permanent denaturation. Thus, so- 
dium phosphate and sodium sulfite, as well as malonate and 
maleate, although totally inhibitory, may have been so because 
of the unfavorable pH. 

Consequently, there is evidence that in a concentration range 
of 0.01 m to perhaps 0.005 m a number of bivalent anions prevent 
the return of heat-denatured chymotrypsin to its active form. 
It was, therefore, of interest to determine whether the same effect 
would be observed with chymotrypsin denatured in strong urea 
solution after dilution of the latter. 

Accordingly, a solution of chymotrypsin in water was diluted 
10-fold with 9 M urea at pH 3.8. The solution in urea was then 
added rapidly to 9 times its volume of a particular diluent. 
Thereafter, the diluted enzyme stood at room temperature (30°) 
for 10 to 30 minutes before it was assayed. The final concentra- 
tion of protein in the dilution was 0.25 mg. per ml. The final 
concentration of the salt used is stated in the table. Milk-clot- 
ting tests were made at 40° with 0.25 mg. of protein; esterase 
assays were made at 25° with 0.025 mg. of protein. A corre- 
sponding experiment with the same enzyme preparation that 
had been dissolved in water instead of urea solution is shown as 
a control. The results are given in Table II. It may be noted 
that the salts used were diluted again during the assays, 10-fold 
in the milk tests and 20-fold in the measurement of esterase 
activity. 

The reactivation of chymotrypsin by the dilution of its solu- 
tion in 8 M urea is thus affected by sulfate ions in the same man- 
ner as is the reactivation of a heated solution. Likewise it is 


TaBLeE I 
Effect of salts on reversibility of thermal denaturation 




















Extent of reversibility 
Salt 
% of original activity 
0.01 M PH 3.1-3.3 pH = pko* 

ee oe ee ee 80 | 
Ammonium sulfate................... 0 
Sodium sulfate....................... 0 | 
Sodium chloride...................... 79 
Calcium chloride..................... 80 
Magnesium chloride.................. 82 
Ferric chloride....................... 78 
Potassium iodate..................... 80 
Ammonium chloride.................. 80 
Sodium oxalate. ..................... 85 4.2 | 0O 
Sodium fumarate..................... 80 45 | 0 
Potassium acid phthalate............. 80 5.4 | 0 
Potassium acid tartrate.............. 78 46 | O 
Sodium citrate....................... 82 4.8 | O 
Sodium malate....................... 85 5.1 | 0 
Sodium malonate..................... 79 6.1 | 0 
Sodium succinate.................... 80 5.6 0 
Sodium maleate...................... 77 6.3 0 
Disodium ethylenediaminetetraacetic 

te Rergscpeatanns< tenes ers 0 4.0 | 0 








* ks represents the second ionization constant of the acid in- 
volved. The extent of reversibility shown here thus applies to a 
system in which one-half or more of the acid exists as a bivalent 
anion. 
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TaBLe II 


Effect on enzyme activity of certain salts when present during 
dilution of chymotrypsin at pH 3.8 dissolved in 8 m urea 























Salt used pA = ele Enzyme in 
tration dilution) water 
s milk | esterase | milk | esterase 
tunils units unils unis 
No addition of salt: undi- 
luted enzyme used for 
RR a ee 1.4 | 0.013 | 3.2 | 0.021 
No salt; diluted with water. 3.1* | 0.022 | 3.3 | 0.023 
ME roc rete caine second 0.09 | 3.1 | 0.021 | 3.2 | 0.022 
EN Es en a ee ES 0.01 | 2.2 
NS 2 So oie ria dees.eses 0.10 | 1.6 | 0.014 | 2.7 | 0.025 
Na-Succinate, pH 3.6.......| 0.01 | 3.2 | 0.018 | 3.7 | 0.022 
Na-Succinate, pH 5.9.......| 0.01 | 1.6 | 0.008 | 3.6 | 0.020 
K-Tartrate, pH 3.6......... 0.01 | 3.0 | 0.020 | 3.0 | 0.020 
K-Tartrate, pH 5.8......... 0.01 | 2.1 | 0.017 | 3.0 0.020 





* Approximately 5 minutes were required, with the urea solu- 
tion standing at 30°, in order to develop the maximal milk-clotting 
activity after dilution. Thus, milk units found at 30 seconds 
after dilution into water were 2.7; after 60 seconds, 2.9. 


not affected by chloride ions under similar conditions. The 
results with organic acids do not conclusively exclude a concur- 
rent pH effect, but the pH alone is not responsible? It is prob- 
able that the effect of sulfate ions is upon the reactivation proc- 
ess rather than upon the denatured protein itself. But prior 
denaturation is clearly a requirement for any loss of activity 
whatever to take place. Otherwise the solutions in water would 
have acted differently. This is also illustrated by the fact that 
solutions of chymotrypsin in urea are never completely reacti- 
vated by dilution directly into milk or into 0.01 m tyrosine ethyl 
ester. Probably the adverse pH of these substrates accounts 
for the lack of reactivation observed, because under the more 
drastic conditions used in denaturation by heat a complete fail- 
ure of the enzymic activity to return would be expected (Fig. 1). 

It was also observed during the routine assays for esterase 
activity that chymotrypsin which had been previously treated 
with urea and reactivated by dilution was less stable than un- 
treated chymotrypsin. Although, in the case of untreated en- 
zyme, the hydrolysis of tyrosine ethyl ester is linear with time 
for periods of 5 to 10 minutes at least, the rate with urea-treated 
enzyme was linear for a much briefer period (2 to 3 minutes) and 
thereafter decreased markedly. Hence, the values shown for 
the esterolytic activity of the reactivated preparations really 
approach initial velocities. This observation naturally suggests 
that the properties of the protein are not the same after exposure 
to urea as they were before. 

In order to examine the protein more closely after its exposure 
to urea, 1 gm. of the dry salt-free preparation was dissolved in 
10 ml. of 9 M urea at pH 3.5 to 3.8. The solution was then dia- 
lyzed, first against water made one-fifth saturated with potassium 
acid tartrate for 3 to 4 hours, and finally against 0.001 m acetic 


2 When chymotrypsin was dissolved in 8 M urea and solutions 
were then adjusted to various pH levels, the return of esterase 
activity upon dilution with water was complete up to pH 6.0 
(instead of pH 4, which was the case with the heated solutions, as 
shown in Fig. 1). This places most of the solutions of organic 
acids tested at pH levels below the level at which the inactivation 
of the enzyme may be attributed solely to the factor of pH. 


F. L. Aldrich and A. K. Balls 
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acid for an additional 24 hours, with agitation and in the cold. 
After this treatment a small fraction of the protein became 
insoluble in 1 m NaCl. The dialyzed material was then frozen 
and dried in a vacuum (lyophylized). The material so obtained 
was completely soluble in water, and gave a solution of pH 4.3 
when 25 mg. were dissolved in 10 ml. Assays of the esterase 
activities performed during the course and study of this prepara- 
tion are summarized in Table III. 

The protein prepared in this manner showed a curious qualita- 
tive difference from the original chymotrypsin. When a dilute 
solution in water (2.5 mg. per ml.) was brought to neutrality, 
i.e. pH 6.8 to 7.1, by the addition of NaOH, a precipitate formed 
(which dissolved at once upon reacidification). The suspension 
showed the same esterase activity as before neutralization. 
However, practically all the activity appeared in the precipi- 
tate. This precipitate gradually disappeared when the suspen- 
sion was allowed to stand at 25-28° at pH 7.1. After 18 hours, 
the solution was again clear. No diminution of esterolytic ac- 
tivity had occurred in the interval. The dried material was, 
however, somewhat unstable after storage at 5°, for it lost ac- 
tivity and became partly insoluble in water in the course of 3 
weeks. When increasing amounts of ammonium sulfate were 
added to a solution of the material in water, precipitation oc- 
curred, but there was no well defined concentration level at 
which most of the precipitation took place. Consequently, there 
is reason to regard the product as not being a single entity. 
Further studies of such preparations may prove interesting, and 
they are being made. 

The denaturation of chymotrypsin in solutions of urea is not 


TaBLe III 


Observations on protein recovered after treatment of chymotrypsin 
with urea, both in high concentration 











Solution Esterase units* 
Original chymotrypsin. ........................ 0.021 
After urea treatment and dialysis (30 hrs.)..... 0.012 
18 hrs. after dialysis and dilution (1:10) with 
MRA towkbocesesoo kde sesewshe eh axeeEecenn 0.013 
25 hrs. after dialysis and dilution (1:10) with 
Ee ko vas cob ie cewainee Pees 0.011 
Preparation lyophilized immediately after dialysis: 
Freshly made solution in water (2.5 mg./ml.).. . 0.016 
Same solution as above after 7 hrs. at 28°...... 0.013 
Fresh solution made 1 m NaCl (suspension)..... 0.018 
Fresh solution made pH 7.1 (suspension) stood 
FE rr ie oe eee ee 0.017 
Fresh solution made pH 7.1 (suspension), stood 
4 REN RY: eager br olay: 0.016 
Fresh solution made pH 7.1 (suspension), stood 
20 hrs. at 25-28° (precipitate had dissolved). . . 0.016 
Fresh solution made pH 7.1 (precipitate only, 
redissolved, pH 3.3).¢ Centrifugation at 
about 1 hr. after neutralization............... 0.013 
Fresh solution made pH 7.1 (supernatant liquid 
only).t Centrifugation at about 1 hr. after 
OTE NT nF 0.003 





* Moles of ester hydrolyzed per minute per gm. of protein. 

+ Calculated on the basis of the total protein used. A super- 
natant liquid prepared by centrifuging the neutralized solution 
at once contained only a trace of protein precipitable by 5 per 
cent trichloroacetic acid. 
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immediate (7), and neither is the recovery of activity. It seems 
logical, therefore, to postulate that the preparation described 
here represents a protein whose reorientation has been inter- 
rupted. The existence of such intermediates has been suggested 
by Harris (10) and Neurath et al. (7) for chymotrypsin and the 
formation of molecular aggregates of pepsin, by Casey and 
Laidler (11). 
SUMMARY 

The optimal pH for the return of activity in solutions of 
chymotrypsin subjected to heat was found to coincide with that 
required for the maximal stability of the enzyme. 

Aggregation of denatured molecules seemed to play a major 


role, in the absence of salts, in the failure of the enzyme to be 
reactivated upon cooling. 


Reversibility of Inactivation of Chymotrypsin 
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The presence of certain salts in concentrations as low as 0.01 
M also prevented the return of enzymic activity in systems in 
which almost complete recovery occurred otherwise. The fail- 
ure of the protein to recover its activity (in acid solutions) in 
these cases seems to be a result of the presence of doubly charged 
anions. Hence, sulfate is particularly effective. 

The recovery of chymotryptic activity upon dilution of a solu- 
tion in 8 M urea was also prevented, although not completely, 
by the presence of sulfate in the diluent. 

The removal of urea by dialysis from a solution of chymotryp- 
sin led to a protein material that was precipitated by neutraliza- 
tion of the solution and thereafter soluble in acid solutions but 
not in water, and thus it clearly differs from untreated chymo- 
trypsin, although its esterolytic activity was not greatly dimin- 
ished. 
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Titrimetric methods have given values for the number of 
sulfhydryl groups per molecule of hemoglobin varying from 2, 
through 4 and 6, up to 8 (ef. Allison and Cecil (1)). The lower 
figures are thought to represent readily available sulfhydryl 
groups in “native” hemoglobin and the higher values of 6 and 8 
to represent all of the sulfhydryl groups which can be made 
available by treatment with denaturing agents. It seems 
reasonable to expect that the highest figures obtained by titra- 
tion should not exceed the total half-cystine content determined 
by other methods, but there has not been agreement on this 
value (2, 3). 

The present communication describes the results of a re- 
examination of this question by means of several different 
techniques. The protein has been oxidized with performic acid 
or alkylated with iodoacetic acid, and the resulting cysteic acid 
or S-carboxymethyleysteine has been determined chroma- 
tographically. Globin has been treated with N-ethylmaleimide, 
and the spectroscopic change has been measured according to 
the method of Alexander (4). The data thus obtained have 
been compared with the results of amperometric titrations with 
silver ions performed on the same preparations of hemoglobin 
and globin. 


EXPERIMENTAL 


Hemoglobins—We are greatly indebted to Dr. Henry Kunkel 
for the samples of hemoglobin previously described (3), and for 
the first two of the following preparations: (a) a solution of 
normal carbonmonoxyhemoglobin A, purified electrophoretically 
(5) but not lyophilized as a final step; (b) a hemolysate containing 
normal hemoglobin A prepared by the method of Drabkin (6), 
from which cell ghosts were removed but which was not subjected 
to electrophoresis; (c) a solution of normal hemoglobin A kindly 
prepared by Dr. M. Murayama (7) and subjected to dialysis 
and electrodialysis but not to electrophoresis; and (d) a sample 
of hemoglobin A prepared chromatographically in the labora- 
tory of Dr. T. H. J. Huisman in Holland and lyophilized in 
New York. All solutions were stored in a carbon monoxide 
atmosphere at 4° and contained no precipitate when used. 

Globin was prepared from hemoglobin by the method of Anson 
and Mirsky (8). 

The results have been expressed as residues of half-cystine 
per molecule of molecular weight 66,000 (N, 16.8 per cent). 

Determination of Half-cystine as Cysteic Acid—The procedure 
was carried out as described by Schram et al. (9). With some 
samples, cysteic acid determinations were also performed on 
150-cm. columns of Amberlite [R-120 (10). 

Determination of Half-cystine as S-Carborymethylcysteine—The 
hemoglobin (1 to 2 umoles) was dissolved in 3 ml. of 0.2 m 


lauryl sulfate (Amend Drug and Chemical Company, Inc., New 
York 10, New York), to which had been added 0.6 ml. of a 5 per 
cent solution of iodoacetic acid (The Matheson Company, Inc., 
East Rutherford, New Jersey). The mixture was brought to 
pH 9 and allowed to stand at room temperature (25°) for a 
predetermined time. Under these conditions the reagent was 
present while the hemoglobin was going into solution. The 
reaction mixture was dialyzed for 40 to 50 hours against sev- 
eral changes of water to which a mixed bed ion exchange resin 
had been added. For amino acid analysis according to the 
procedure of Spackman e¢ al. (10), the carboxymethy! derivative 
was hydrolyzed in an evacuated, sealed tube with 6 n HCl at 110° 
for 22 and 70 hours (11). By extrapolation of the results to 
zero time, the decomposition of S-carboxymethyleysteine in 
hemoglobin was estimated to be approximately 8 per cent during 
22 hours of hydrolysis. An authentic sample of the compound 
showed a 9 per cent decomposition under the same conditions. 
To correct for the loss, the values for S-carboxymethyleysteine 
determined chromatographically after 22 hours of hydrolysis 
were divided by 0.91. 

Determination of Sulfhydryl Groups with N-Ethylmaleimide— 
The procedure was that described by Alexander (4) except that 
the reagents were prepared in 8 m deionized urea or 0.1 mM sodium 
lauryl sulfate, neither of which had any effect upon the de- 
termination of the sulfhydryl content of reduced glutathione. 
The protein was dissolved rapidly in a solution of denaturing 
agent, and an aliquot was immediately added to the solution of 
N-ethylmaleimide (Mann Research Laboratories, Inc., New 
York 6, New York). The method has been applied to globin, but 
not to hemoglobin; the presence of heme interferes with the 
spectroscopic measurement. 

Determination of Sulfhydryl Groups by Amperometric Titra- 
tion—The apparatus described by Benesch et al. (12) was used. 
The length of the bridge carrying the electrode solution, how- 
ever, was reduced to 15 cm., and the electrode solution was 0.2 
n NaOH instead of Ba(OH)s. The electromotive force of the 
cell, checked in the manner recommended by Benesch et al., was 
—0.098 volts. For the titration, 0.2 to 0.4 umole of hemoglobin 
dissolved in 0.1 to 0.5 ml. of water was added to a mixture of 
13 ml. of 8 m deionized urea, 2.5 ml. of 1.0 m tris(hydroxy- 
methyl)aminomethane buffer at pH 7.4 made up in 8 m urea, 
and 0.2 ml. of 1.0 m KCl. 

When the procedure recommended by Benesch et al. (12) was 
followed, the initial current was observed, the titration vessel 
was removed from the electrodes, and a predetermined excess of 
AgNO; solution was added to the mixture. After the solution 
was kept in the dark for 30 minutes, the titration was carried 
out by the addition of 50- or 100-ul. aliquots of 2 x 10°° m 
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AgNO; at regular 1- or 2-1ainute intervals. In some tests the 
titration was carried out without the addition of excess reagent 
or a waiting period; the 50- or 100-ul. aliquots of AgNO; were 
added at regular intervals from the beginning. 


RESULTS AND DISCUSSION 


Half-cystine Content Determined by Oxidation—Previous de- 
terminations from this laboratory (3) of the half-cystine content 
of hemoglobins by the cysteic acid method (9) had yielded values 
of approximately 5 residues per molecule. Hommes e¢ al. (2) 
had reported 8 half-cystine residues per molecule, a figure in 
agreement with the value for sulfhydryl groups in denatured 
hemoglobin found by Benesch et al. (12) by amperometric 
titration. Because of these discrepancies, several additional 
experiments have been performed. The analyses of Hommes 
et al. had been carried out on globin. In order to answer the 


TaBLeE I 
Half-cystine and sulfhydryl content of different samples of 
hemoglobin and of globin 


All samples of hemoglobin were purified electrophoretically 
unless otherwise noted. 





Number of sulfhydryl grou 
residues of half-cystine/mo! boul 








Sample 
Determined . 
-- De d by oth 
sh Beis procedures 
Hemoglobin C (lyophilized).......... 4.9* 
Hemoglobin E (lyophilized). . .| 5.1* 
Hemoglobin A (Negro, lyophilized) .. 5.2* 
Hemoglobin A (Caucasian, ly ophil- 
SRE ASUS ee ee eR: | 4.5* 4.2 (carboxy- 


methyleys- 
teine) 
Hemoglobin A (thalassemic, lyophil- 
Sai ee meu 
Globin (thalassemic) . 
Hemoglobin A (solution) . § 
Globin (from above hemoglobin. A 
solution) . 


oor co 
ou w o 
uo 
oa 


o 
- 


Abba ede 4.8, 4.9, 5.0, 5.0 
(N-ethylmale- 
imide) 

Hemoglobin A (above solution di- 
alyzed)........... spina Saath GU, 

Globin (from hemoglobin A solution, 
dialyzed).... 4. 

Globin (from hemogjobis A solution, 
dialyzed) + heme 

Hemoglobin A (solution) f 

Hemoglobin A (solution){... oe 

Hemoglobin A (solution)§...........| 


oe 
me orm vw 


5.2 (carboxy- 
methyleys- 
teine) 





* These samples were analyzed previously (3). The values 
presented above are all 6 per cent higher than those reported 
before because of a change in the chromatographic procedure for 
which no aJlowance was made in the initial caleulatio: «. 

1 Not electrophoretically purified; gift of Dr. Murayama. 

t Chromatographically purified on columns of carboxymethyl- 
cellulose; gift of Dr. Huisman. 

§ Not electrophoretically purified; gift of Dr. Kunkel. 
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question (posed by Dr. Reinhold Benesch) of whether the 
presence of heme could lead to low recoveries of cysteic acid, globin 
prepared from a sample of hemoglobin studied previously was 
also analyzed. Values of 5.2 and 5.6 residues per molecule were 
obtained and were in good agreement with the value of 5.6 
residues per molecule found for the parent hemoglobin. Another 
sample of globin derived from a preparation of hemoglobin A 
that contained 4.95 half-cystine residues per molecule yielded 
4.7 residues per molecule. Addition of heme to the globin 
before analysis did not alter the results significantly (5.2 residues 
per molecule). As a final check, heme was added to cystine and 
to ribonuclease before the oxidation, and the recoveries of 
cysteic acid were not affected. 

To rule out any possible effect of aging of the sample, a solution 
of hemoglobin which was freshly prepared and electrophoretically 
purified, but not lyophilized, was analyzed. Once again, ap- 
proximately 5 residues per molecule were obtained (Table I). 

Through the generous cooperation of Dr. T. H. J. Huisman, a 
sample of hemoglobin prepared chromatographically was analyzed. 
Cysteic acid was determined on columns of a basic resin (9) and 
of an acidic resin (Amberlite IR-120). Both procedures yielded 
values of 6.5 residues per molecule. These were the highest 
figures obtained in the course of this work, and it may be sig- 
nificant that this particular sample contained proteins other than 
hemoglobin since it was relatively rich in isoleucine and gave a 
value corresponding to approximately 2 residues per molecule 
(cf. (3)). A sample of hemoglobin solution kindly prepared by 
Dr. M. Murayama without recourse to electrophoresis was also 
analyzed. The cysteic acid method yielded 5.6 half-cystine 
residues per molecule. 

Half-cystine Content Determined as S-Carboxymethylcysteine— 
In recent work in this laboratory, reaction with iodoacetate has 
been used to alkylate quantitatively the sulfhydryl groups 
formed from ribonuclease and chymotrypsinogen by reduction 
with NaBH, in 8 m urea (13). The extent of the alkylation can 
be followed conveniently by amino acid analysis on columns of 
Amberlite [R-120 (10, 14), a procedure which determines both 
the S-carboxymethyleysteine formed and the residual cystine 
that is unreacted. 

In the present studies, reaction of hemoglobin in sodium 
lauryl sulfate for 30 minutes at room temperature with 100 to 
150 moles of iodoacetate per mole of protein led to complete 
alkylation, as indicated by the absence of cystine from the 
chromatogram obtained upon amino acid analysis of the carboxy- 
methylated protein. The yield of S-carboxymethyleysteine, 
corrected for hydrolytic loss, corresponded to 5.2 residues of 
half-cystine per molecule, which was essentially the same as the 
value of 5.3 residues per molecule obtained with this sample of 
hemoglobin by the cysteic acid procedure. In another case, a 
lyophilized sample of hemoglobin A, found previously to con- 
tain 4.5 residues of half-cystine per molecule by the cysteic acid 
method (cf. (3), Table I), yielded 4.2 residues of S-carboxy- 
methylcysteine. These fully carboxymethylated hemoglobins 
do not bind any silver ions when titrated amperometrically. 

The fact that the cysteic acid method and the carboxymethyl- 
cysteine method yield the same results with the same sample of 
globin is additional evidence that no disulfide bonds exist in 
hemoglobin. 

Sulfhydryl Content Determined with N-Ethylmaleimide—The 
reaction of N-ethylmaleimide with proteins is believed to occur 
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only with sulfhydryl groups. The technique employed in the 
present work was developed by Dr. N. M. Alexander (4), and we 
are greatly indebted to him for describing the procedure to us be- 
fore its publication. It was found that 4.8, 4.9, and 5.0 moles of 
N-ethylmaleimide were bound per mole of globin in 10 minutes at 
protein concentrations of 0.27, 0.59, and 0.25 per cent, respec- 
tively. An additional 0.7 to 0.8 mole of N-ethylmaleimide per 
mole of protein was taken up slowly over the succeeding 5-hour 
period. When the determination was performed in 0.1 mM 
sodium lauryl sulfate, instead of in urea, a value of 5.0 residues 
per molecule was obtained. 

Sulfhydryl Content Determined by Amperometric Titration— 
Since only the maximal number of sulfhydryl groups was of 
interest in the present studies, all titrations were carried out 
with carbonmonoxyhemoglobin in high concentrations of urea, 
and it was noted that in such solutions, sulfhydryl groups 
gradually become unavailable for titration, presumably as a 
result of oxidation to disulfides by atmospheric oxygen. The 
rate of disappearance of sulfhydryl groups is presented in Table 
II. Ata protein concentration higher than that which was used 
for the titration, the rate of loss is greater. The susceptibility 
of the thiol groups of hemoglobin to oxidation in sodium dodecyl 
sulfate solution has been noted by Allison and Cecil (1). Since 
solutions in water are stable, all of the titrations discussed below 
were carried out with samples of carbonmonoxyhemoglobin 
previously dissolved in water and with 2 minutes allowed after 
the sample solution was added to the urea-containing titration 
mixture for the electrode and solution to come to equilibrium 
before the titration was begun. The rate of disappearance of 
sulfhydryl groups given in Table II would correspond to the loss 
of only about 0.2 of a residue per molecule during a titration 
carried out without the initial addition of an excess of AgNOs. 

Although sulfhydryl] groups disappear at an appreciable rate 
in urea solution, they are stable when the protein is in the solid 
state. For example, analyses of the same hemoglobin by the 
identical procedure before and after lyophilization, resulted in 
the same sulfhydryl titer. In addition, a sample of lyophilized 
hemoglobin that had been stored at about —20° for 2 years 
and quite obviously contained much methemoglobin, still re- 
acted with iodoacetate to give a quantity of S-carboxymethyl- 
cysteine equivalent to the half-cystine content determined 
previously (3) by the cysteic acid method (cf. Table I). 

The amperometric titrations reported previously (3) by this 
laboratory were performed upon solid, lyophilized samples of 
hemoglobin that were slow to dissolve. The values were lower, 
on this account, than they are when the hemoglobin sample 
passes into solution rapidly or is first dissolved in water. 

The present studies have included experiments to determine 
the effect of varying some of the conditions recommended by 
Benesch et al. (12) which involve the addition of an excess of 
AgNO; to the protein in 8 M urea and a wait of 30 minutes, after 
which the titration is completed by adding small aliquots of 
AgNOs at regular intervals of time. As can be seen in Table 
III, varying the concentration of urea within the range of 6 m 
to 10 m had no effect upon the quantity of silver which was 
bound. Experimentation also revealed that the extent of 
binding was the same at 15, 30, and 60 minutes over this range 
of urea concentrations. It is clear from the data in Table III, 
however, that the concentration of AgNO; in which the hemo- 
globin was allowed to stand during the 30-minute reaction 
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TaBLeE II 


Silver ions bound by hemoglobin after incubation in Tris*-urea 
miztures at room temperature 








Protein concentration Time of Moles of Ag* bound/mole 
during incubation incubation of hemoglobint 
% min. oa 

0.1f 0 6.5 

10 6.5 

21 6.2 

72 5.5 

204 4.7 

2.8§ 0 6.5 

15 6.0 

39 5.2 





* Tris represents tris(hydroxymethyl)aminomethane. 

+ Excess of AgNO; was not added nor was there a waiting period 
(cf. ““Experimental’’). 

¢ 100 ul. of 13.8 per cent hemoglobin solution + 15.7 ml. of the 
titration mixture were incubated. 

§ 100 ul. of 13.8 per cent hemoglobin + 400 ul. of 1.0 m Tris-8 u 
urea at pH 7.4 were allowed to stand for the times indicated. 
Immediately before the titration, 13 ml. of 8 m urea, 2.1 ml. of 
Tris-urea buffer, and 0.2 ml. of am KCl were added. 


TaB_e III 


Effect of different concentrations of urea and different amounts of 
AgNO; upon amperometric titration of hemoglobin 





Extrapolated value for number of Ag* bound/ molecule 
of hemoglobin 
AgNOs added — — — 
initially mole 


of hemoglobin Urea concentration: 


6m Su 10 
‘ oe outa ai athe -eenstaat _ ih 

5.7 5.5 6.2 5.3 
6.6 6.0 6.6 5.7 
7.7 7.0 7.1 6.3 
8.6 7.2 7.3 7.0 
9.6 7.5 7.5 7.7 
10.3 7.5 7.6 7.6 
11.4 7.8 


period was of decisive influence upon the value of the final titer. 
With increasing amounts of AgNO; added initially, the slopes 
and positions of the resulting titration curves gradually ap- 
proach the slope and position of the titration curve which extra- 
polates to approximately 7.8 sulfhydryl groups per molecule, 
essentially the value found by Benesch et al. (12). 

If, instead of adding an excess of AgNOs, aliquots of AgNO; 
are added from the beginning, a titration curve of the type shown 
in Fig. 1 is obtained. It will be noted that the curve has no 
sharp break, but gradually reaches linearity at the end of the 
titration. The shape of the curve can vary considerably as a 
consequence of the fact that the current during the first part of 
the titration rises, even in the urea solution, after the addition 
of each aliquot of AgNO, and then falls gradually. As Benesch 
et al. (12) found with other proteins in aqueous solution, the 
magnitude of the rise and fall is a function of the amount of 











Microamperes 














° 0.4 0.8 L2 1.6 2.0 2A 


AgNO3 (micromoles) 


Fic. 1. Amperometric titration of human hemoglobin (13.85 
mg.) with 2 X 10-*m AgNO;. The titration was begun 2 minutes 
after the hemoglobin solution was added to the titration mixture. 
50-ul. aliquots of AgNO; were added at 1-minute intervals. The 
extrapolated value (vertical dashed line) corresponds to 5.9 silver 
ions bound per molecule of hemoglobin. 


AgNO; added, the interval of time after the addition when the 
readings are made, and the point on the curve. At first, as the 
groups that take up silver more rapidly are titrated, the current 
soon returns to essentially the initial value. Later, a longer 
time is required as more sluggish binding sites in hemoglobin 
are titrated. In some titrations, the points on the middle part 
of the curve fall on a straight line, as in the “double break” 
curve reported by Ingram (15), although his conditions are 
somewhat different. The nature of the titration makes it 
difficult to attach significance to the position of this type of 
“break.” 

Because hemoglobin takes up silver ions slowly, the values for 
the maximal number of silver ions bound will vary, depending 
upon the details of the method of titration employed. From 
curves such as the one shown in Fig. 1 values of 6.3 + 0.2 silver 
ions per molecule (average of 12 determinations) have been ex- 
trapolated. On the other hand, the addition of an_ initial 
excess of AgNO; indicates nearly eight binding sites. In order 
to clarify the interpretation of the results, the various other 
methods already discussed were applied, and from the data 
obtained there seems little doubt that in the special case of 
hemoglobin the titration can yield values that are high. Several 
other proteins have been titrated in the course of other in- 
vestigations (13), and no difference has been found between the 
results obtained by the two different procedures of titration in 
urea solution. Many of these titrations have been performed on 
fully reduced proteins, and the sulfhydry] content found by 
titration has agreed with the half-cystine content determined by 
other methods. The discrepancies observed in these studies 
with hemoglobin are not a genera) characteristic of the method 
of Benesch et al., which has been found both convenient and 
accurate for many purposes. Rather, there seems to be some- 
thing unusual] about hemoglobin which, under the conditions of 
the titration, causes it to bind silver ions in excess of the cysteine 
residues present. A search was made, therefore, for some 
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component of hemoglobin that could explain this behavior. To 
this end, titrations were performed on hemin and on cytochrome 
c (with and without reduced glutathione), on a mixture that 
contained 1 ymole of each of the common amino acids except 
cysteine (with and without glutathione), and on whale myoglobin, 
which contains no half-cystine residues. In no case was any 
excess binding of silver observed, even after 30 minutes of 
reaction in the presence of an excess of AgNO;. Thus, there is 
no evident explanation for the binding of 2 silver ions by hemo- 
globin after 6 (the apparent maximum) cysteine residues have 
bound | silver ion each. It can be noted, however, that Sluyter- 
man (16) has shown that cysteine itself, as well as its methy] 
ester, binds an amount of silver about one third more than the 
stoichiometric quantity. Excess binding of silver by some 
thiols has also been reported by Cecil and McPhee (17). 

Conclusions—The data from the various chromatographic 
and spectroscopic determinations of half-cystine and sulfhydry] 
groups that have been performed thus far, including the cysteic 
acid analyses published earlier, have been brought together in 
Table I. The values seem to cluster around the figure of 5 
cysteine residues per molecule. With the present state of 
knowledge of the purity of hemoglobin and of the accuracy with 
which small amounts of half-cystine in proteins can be deter- 
mined, it is difficult to decide whether 4, 5, or 6 residues out of 
the almost 600 in the molecule is the correct value. In any 
case, the binding of more than 6 silver ions during amperometric 
titration (12, 18) seems to represent a combination with sites in 
hemoglobin other than cysteine residues, as Allison and Cecil (1) 
have also concluded from their study of the amperometric 
titration of the protein. 

If the number of cysteine residues is five, the half-molecules 
into which hemoglobin can be cleaved are not identical. Per- 
haps the final answer can only come through studies of the de- 
tailed structures of the peptide chains of the hemoglobin mole- 
cule. 


SUMMARY 


The half-cystine and sulfhydryl content of preparations of 
human hemoglobin have been investigated by means of several 
different techniques. The proteins have been oxidized with 
performic acid or alklyated with iodoacetic acid, and the result- 
ing cysteic acid or S-carboxymethylcysteine has been determined 
chromatographically. Globin has also been analyzed by the 
cysteic acid method, and, in addition, the sulfhydryl content 
has been estimated by treatment with N-ethylmaleimide. All 
of the results are in the range of 4 to 6 half-cystine or sulfhydryl 
groups per molecule of hemoglobin. 

When the same samples of hemoglobin are titrated ampero- 
metrically with silver ions in 8 m urea, the reaction is slower 
than it is with proteins that give satisfactorily sharp titration 
curves. For this reason, the values for the number of silver 
ions bound per molecule depend upon the details of the method 
of titration employed. A maximal value of 8 can be obtained, 
which indicates that some silver can be bound at sites other than 
the sulfhydryl groups of cysteine residues. 

The wish to 
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The cleavage of disulfide bonds in proteins is of considerable 
interest, since it is usually accompanied by the modification of 
certain elements of secondary and tertiary structure (2-5). 
An important consideration is the formation of open-chain 
structures in which impediments to enzymatic degradation are 
removed and sequence analysis thereby facilitated. Several 
methods have been introduced in recent years to achieve this end. 
The most widely used among them is the performic acid oxida- 
tion method, first introduced by Sanger (6) and further developed 
by Hirs (7), whereby the cystiny] groups are converted to cysteic 
acid residues. An inherent disadvantage of this procedure, 
however, lies in its effect upon elements of primary structure 
other than the disulfide bonds, the most important being the 
destruction of tryptophany] residues. 

More recently, Swan (8) has considered in detail the use of 
sulfite for breaking disulfide bonds, and has applied it successfully 
to wool keratin. In this reaction, the cystinyl groups are con- 
verted to S-sulfocysteyl groups in a two-stage reaction, involving 
cupric ions in the second stage. The reaction is of particular 
interest since it results in a water soluble protein derivative. 

Application of this method to trypsinogen and a-chymotryp- 
sinogen soon showed that, in these cases also, the resulting 
derivatives were water soluble, and it was possible to proceed to 
an investigation of the completeness of the reaction, and a 
characterization of the products by physical and chemical meth- 
ods. 


EXPERIMENTAL 


Materials—Trypsinogen (lot No. TG521) was a once crystal- 
lized product containing 50 per cent MgSOx,, prepared by the 
Worthington Biochemical Corporation. The protein was dis- 
solved in 0.01 m HCl, dialyzed extensively in the cold against 
0.001 m HCl, pH 3.0, and used after subsequent lyophilization. 

Chymotrypsinogen was prepared in this laboratory by Mr. E. 
Awad, according to Northrop et al. (9); after four recrystalliza- 
tions, the purity of the product was checked by chromatography 
of a sample on Amberlite XE-64 (Rohm and Haas) cation ex- 
change resin and was found to be 91 per cent pure. The protein 
was practically free of chymotryptic activity. 

Urea was a reagent grade product purchased from Merck and 


* A preliminary report of this work has been published (1) and 
was presented in part at the Fourth International Congress of 
Biochemistry, Vienna, September 1-7, 1958. 

+ Present address, the Department of Biochemistry, University 
of Oxford, Oxford, England. 

t Present address, the Department of Chemistry, University 
of Redlands, Redlands, California. 


Company, and was used as such. Sodium sulfite, cupric nitrate, 
and cupric sulfate were reagent grade products purchased from 
Baker and Adamson. 

$** sodium sulfite was a solid product obtained from Nuclear- 
Chicago Corporation with a specific activity of 12.4 me. per 
mmole. 216 mg. of this sample were dissolved in 1.15 ml. 
of water, and 0.2 ml. of this solution was diluted with 4.8 ml. 
of a nonradioactive 1.5 m Na2SO; solution. The concentration 
of the final solution was carefully determined by iodometric 
titration (10) and the radioactivity of a known aliquot measured. 
The specific activity found on this basis was 3.531 x 105 ¢.p.m. 
per umole SO;-, at the zero reference day of the experiments. 

Sodium dodecylsulfate (SDS)! was taken from a sample pre- 
sented by E. I. du Pont de Nemours and Company, Inc., or 
was prepared according to the method described by Dreger et al. 
(11). 

Amberlite IRA-400 anion exchange resin was a product ob- 
tained from Rohm and Haas, and DEAE-cellulose was prepared 
in this laboratory from Solka-Floc BW 200 according to the 
method described by Peterson and Sober (12). The cellulose 
derivative contained 0.88 m.eq. of ionizing groups per gm. of 
resin. 

Carboxypeptidase-A was taken from a suspension of five times 
crystallized material, prepared in this laboratory from an acetone 
powder of beef pancreas glands. The insoluble crystals were 
washed extensively with water and dissolved in 1 M ammonium 
acetate buffer, pH 8.5, to which 1 Mm DFP in isopropanol was 
added to make the solution 0.001 M in inhibitor. 

DFP was prepared by the method of Saunders (13), and used 
in the form of a 1 m stock solution in isopropanol. 

FDB was a product from Eastman Organic Chemicals, 
and was used after redistillation (fraction 123-125° per 1 mm. 
Hg). 

L-Cystine was obtained from Nutritional Biochemical Corpora- 
tion, and was dried in a vacuum over P.Os. 

Methods—Protein concentrations were determined by meas- 
uring the absorbance at 280 my in a Hilger Uvispek spectro- 
photometer, using an extinction coefficient E}%,, = 13.9 for 
trypsinogen (14), 20.0 for chymotrypsinogen (15), 14.2 for S- 
sulfotrypsinogen and 17.9 for S-sulfochymotrypsinogen (see 
below), 23.0 for carboxypeptidase-A (14), and 20.0, arbitrarily, 
for procarboxypeptidase-B and carboxypeptidase-B. 


1The abbreviations used are: SDS, sodium dodecylsulfate; 
DEAE-cellulose, diethylaminoethylcellulose; DFP, diisopropyl- 
phosphorofluoridate; FDB, 1-2,4-fluorodinitrobenzene; EDTA, 
ethylenediaminetetraacetate; BGL, benzoylglycyl-t-lysine; Tris, 
tris(hydroxymethyl)aminomethane. 
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pH was determined with the glass electrode by using a Beck- 
man model G pH meter. 

Polarographic measurements were made by use of the Sargent 
model XXI recording Polarograph, potentials being measured 
against the saturated calomel electrode. A Sargent H-cell with 
agar plug contained both the solution being titrated and the 
reference cell, measurements being made at room temperature 
(approximately 25°). Air was excluded from the solutions 
during titration by purging with nitrogen and by maintaining a 
flow of nitrogen (equilibrated with 0.1 m ammonia) over the 
surface of the solution. No correction for the voltage drop 
caused by the internal resistance of the cell was made, since 
interest lay in comparative studies of heights of the half-wave. 
The capillary was characterized by the values t = 4.96 seconds 
and m = 1.960 mg. per second, determined at —0.50 volt with 
the capillary dipping into the reagents. The top of the mercury 
column was 21.6 cm. above the tip of the capillary. 

Radioactivity was measured with a gas-flow counter model 
D-47 equipped with a Micromil end window and connected to a 
model 183 scaling unit, manufactured by Nuclear-Chicago 
Corporation. A model C-110 B automatic sampler and a model 
C-111 B printing timer were also used, made by the same manu- 
facturer. The solutions to be counted were always plated on 
stainless steel planchets, in sufficiently small amounts so that 
self-absorption effects would be negligible, and dried under an 
infrared lamp; the radioactivity was then determined auto- 
matically on at least four such samples, the statistical error being 
less than 1 per cent. 

Absorption spectra were determined in the Beckman model 
DK-1 recording spectrophotometer. 

Optical rotation was measured at 589 my in 10 em. cells at 
room temperature, with the standard Keston model D polari- 
metric attachment for the Beckman model DU spectrophotom- 
eter. To increase intensity of the light source, a separate 8 
volt alternating current output was connected to the tungsten 
lamp of the apparatus. Calibration of the instrument was 
effected with sucrose solutions of known concentration. 

Titration at constant pH was carried out in a Jacobsen-Léonis 
autotitrator (16) manufactured by Ole Dich, Instrument Maker, 
Copenhagen, Denmark, in conjunction with a titrator type 
TTT-1 from the Radiometer Corporation, Copenhagen, Den- 
mark. The assembly was used with a temperature controlled 
reaction vessel especially designed for small volumes (17). 

Preparation of S-Sulfoproteins—S-sulfoproteins were prepared 
by a method derived from that recently described by Swan (8). 
500 to 700 mg. of lyophilized protein were dissolved in 15 ml. of 
0.005 m HCl, and diluted with 25 ml. of 0.001 m HC]. 48 gm. of 
urea were added in portions with stirring, the pH being main- 
tained at 3 by occasional addition of 1 m HCl. When the urea 
was entirely dissolved, 10 ml. of 1.5 m Na2SO; were added, which 
raised the pH to approximately 7.5, and concentrated ammonia 
was added to a final pH of 10.2. 2 ml. of 2 m Cu(NOs3)2 were 
then introduced in small amounts, concentrated ammonia being 
added to compensate for the fall in pH induced by the addition 
of the copper solution. The reaction mixture was finally brought 
to a total volume of 100 ml. with distilled water, and left at 
room temperature for approximately 1 hour. Urea, Cutt, 
ammonia, and excess sulfite were subsequently eliminated by a 
series of six dialyses of 12 hours each, in the cold, against the 
following solutions: (a) 0.02 m acid (hydrochloric or acetic) 
brought to pH 9.0 with ammonia; (6) 0.01 m acid, 0.01 m EDTA 
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Fic. 1. Chromatogram of crude procarboxypeptidase-B on 
DEAE-cellulose. For experimental details, see the text. The 
calculated recovery for fractions 113-123, based on Ex» readings, 
was 12.4 per cent of the material applied to the column. 


brought to pH 8.5 with ammonia; (c) and (d) 0.005 m acid, 0.005 
m EDTA brought to pH 8.0 with ammonia; (e) and (f) 0.005 m 
acid or water brought to pH 8.0 with ammonia or NaOH. After 
removal from the dialysis bag, the protein solution was either 
centrifuged or filtered through Whatman paper No. 30. 

The protein was recovered in the final solution in essentially 
quantitative yield, and generally showed a Tyndall effect because 
of aggregation of the highly charged protein molecules. It was 
found, however, that this phenomenon could be reversed by 
addition of SDS to a final concentration of 0.5 per cent. In 
cases where this treatment was to be avoided, the same end could 
be achieved by passing the protein solution through a small 
column (0.9 X 25 cm.) of an anion exchange resin (Amberlite 
IRA-400, 20-50 mesh, OH- form) which had been previously 
exhaustively washed with distilled water. 

Purification of Procarboxy peptidase-B—Procarboxypeptidase-B 
was prepared from an acetone powder of beef pancreas glands* 
according to the procedure recently described by Folk and 
Gladner (18). It was deemed of interest, however, to examine 
further the nature of the product so obtained. The NaCl ex- 
tract of the final precipitate was, therefore, subjected to column 
chromatography on DEAE-cellulose according to Keller et al. 
(19) in the following manner. To 40 ml. of the NaCl extract 
was added, at 0°, 0.1 ml. of 1 a DFP, the pH was raised to 8.0 
with 1 m NaOH, and the mixture was left under stirring in the 
cold for about 40 minutes, when it was transferred to a dialysis 
bag and dialyzed overnight in the cold against two changes of 
0.005 m phosphate buffer pH 8.0, containing 0.001 mole of DFP 
per 1. 30 ml. of the contents of the bag (about 20 mg. protein 
per ml. on an absorbancy basis) were then applied to a 2.8 x 50 
em. column of DEAE-resin and eluted as described by Keller 
et al. (19), with the result shown in Fig. 1. The peak containing 
procarboxypeptidase-B was identified by comparison of its loca- 
tion with the data of Keller et al. (19) and by its action on BGL 
(19) after tryptic activation (see below). Fractions 113 to 123 
were pooled, lyophilized, and dialyzed against 0.01 Mm ammonium 
acetate pH 8.0 after dissolution of the dry residue in 20 ml. of 
water (considerable loss of material absorbing at 280 my occurred 
at this stage, for still unknown reasons). The solution of puri- 


2 We are indebted to the Lilly Research Laboratories, Indian- 
apolis, Indiana, for the preparation and supply of this material. 
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fied procarboxypeptidase-B so obtained (1.92 mg. per ml.) was 
stored in the frozen state and retained activity for several weeks. 

Activation of procarboxypeptidase-B was effected in the fol- 
lowing manner. To 0.1 ml. of the preceding solution, 0.1 ml. of 
0.1 m Tris, 0.05 m CaCl, buffer, pH 8.0, and 0.005 ml. of a trypsin 
solution (1.84 mg. Nn per ml.) were added, and the reaction 
mixture was left at room temperature for approximately 1 hour, 
when 0.01 ml. of 1 um DFP were added to stop the action of 
trypsin. Aliquots of this activated procarboxypeptidase-B 
solution were then used for activity tests on BGL solutions, or 
for end-group determinations. No enzymatic activity towards 
either benzoyl-t-arginine ethyl ester or acetyl-L-tyrosine ethyl 
ester could be detected on the activated samples. 


Extent of Reaction 


The extent of reaction of the disulfide bonds of trypsinogen 
and chymotrypsinogen with sulfite was studied by two inde- 
pendent methods, i.e., by polarography and by incorporation of 
$* sulfite. 

Polarography—The mechanism of the reaction of sulfhydryls 
and disulfides with sulfite ions in the presence of ammoniacal 
Cutt leading to the formation of thiosulfates has been studied in 
detail by Kolthoff and Stricks (20). Their rather complete 
polarigraphic data lead to the following reactions: 


3 RSSR + 3 SO." s 3 RSSOs + 3 RS- (1) 


(2) 
(3) 


Equation 1 indicates that upon dissolution in this reagent, 
disulfide is converted into thiosulfate and sulfhydryl in stoi- 
chiometric proportions. Equation 2 indicates that addition of 
cupric ion to this dissolved material results in further conversion 
of sulfhydryl to thiosulfate and in formation of cuprous cystein- 
ate. According to Equation 3, an end point, marked by the 
first appearance in the solution of cuprous ion, occurs when a 
total of 2 moles of cupric ion have been added to 3 moles of 
RSSR (Equations 1 and 2). This end point can be detected 
polarographically as the appearance of a reduction wave for 
cuprous ion at approximately —0.4 volts (versus standard calo- 
mel electrode), further addition of cupric ion giving rise to an 
increase in the magnitude of the observed diffusion current cor- 
responding to this cuprous wave. 

These ideas have been the starting point in the present study of 
the extent of reaction of the disulfide bonds of trypsinogen and 
chymotrypsinogen when these proteins are treated, as described 
above, with sulfite ions in the presence of ammoniacal Cutt and 
urea. However, when cystine was used as a standard of refer- 


3 RS- + 2 Cu** + SO;- — RSSO; + 2 RSCu 
2 RSCu + 4 Cut** + 2 SO;- — 2 RSSO; + 6 Cut 


TaBLeE I 
Polarographic estimation of the extent of reaction 





Amount of 




















z No. of -S-S- 
: No. of -S-S- “ 
| containing | Cuetusst | broken/ | Pretene 
| material molecule (15, 21) 
_—-| ——— _ 
| moles pmoles 
Cystine.......... xl 2.00 0.95 
Trypsinogen......... | 1.20 3.32 5.5 6 
Chymotrypsinogen...| 0.97 2.15 4.5 5 
Chymotrypsinogen. .. 1.93 4.70 4.9 5 
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ence to relate the stoichiometry between the reduction of Cy++ 
and the breakage of disulfide bridges, under the specific condi. 
tions of the present experiments, different stoichiometric relg- 
tions were obtained. 

For each polarigraphic test, 25 ml. of a solution being 8 in 
urea, 0.1 m in NHs, and 0.1 m in NH,Cl, were pipetted into one 
side of the H-cell and deaerated. 0.709 gm. Na:SO; was then 
added to make the solution 0.15 m in this reagent. A known 
quantity of disulfide-containing material was added and the 
titration commenced, using a microburette filled with cupric 
ion solution (0.0201 m CuSO, as determined by electrogravim- 
etry); a complete polarigram, from —0.20 to —0.60 volts 
(versus standard calomel electrode), was run after each addition 
of titrant. The current values at the Cut ion half-wave potential] 
were subsequently measured and plotted as a function of the 
amount of titrant used, in order to determine, by an extrapola- 
tion similar to that used in amperometric titrations, the first 
appearance of excess reagent. 

In a preliminary experiment in which the reagents were added 
in an inverse order, 1 um Cut+ (0.05 ml. of solution) was titrated 
with 0.02 m cystine and a value of —0.40 volts for the half-wave 
potential of the Cu* ion was observed. In addition, a plot of 
the diffusion current values versus the amount of cystine added 
revealed that I4 became zero after the addition of 2.0 um cystine. 
Precisely the same stoichiometry was found in the standardiza- 
tion experiment wherein 2 um cystine were titrated with the 
Cu*+ solution (Table I). The stoichiometric relations obtained 
in the present work are thus at variance with those observed ina 
more extensive study, under somewhat different experimental 
conditions, by Kolthoff and Stricks (20). However, as in the 
present work the polarographic analysis was used as a means of 
ascertaining the end point of the reaction rather than its mecha- 
nism, the stoichiometry found using cystine as a standard of 
reference was adopted. Pending further work to resolve these 
discrepancies, the relation 1 Cut+ = 2 8-S was chosen for com- 
puting the results of the measurements made with trypsinogen 
and chymotrypsinogen which are summarized in Table I. These 
data seem to indicate that all cystine side chains of trypsinogen 
and chymotrypsinogen have reacted with sulfite to form S- 
sulfocysteine residues. 

Incorporation of S** Sulfite—Another way of ascertaining the 
degree of conversion of the half-cystine into S-sulfocysteine 
residues was to perform the reaction with radioactive sulfite and 
to examine the degree of labeling of the resulting proteins. With 
this objective in mind, 50 mg. of trypsinogen or chymotrypsino- 
gen were reacted as described above, 1 ml. of 1.5 m S** sulfite 
solution was substituted for the usual nonradioactive solution, 
and the protein was passed through a small Amberlite IRA-400 
anion exchange column after the last dialysis. This operation 
completely removed any excess of SO;7, and thus any spurious 
radioactivity, still adsorbed on the proteins. This was checked 
by a control experiment wherein radioactive sulfite was added to 
a sample of nonradioactive S-sulfotrypsinogen, and the mixture 
subjected to the column treatment, whereupon no radioactivity 
could be detected in the effluent although there was quantitative 
recovery of the protein. The absorbancy of the radioactive 
protein solutions was then measured and small aliquots (less 
than 0.1 mg. of protein) were plated for counting. The results 
obtained are summarized in Table II, which also gives the number 
of half-cystine residues that were converted in each protein to 
S*®-sulfocysteine, as deduced by comparison of the specific radio- 


Dec: 


activ 
It is 
men’ 
react 


form 
tativ 
treat 
chyt 
(22) 
afte! 
was 
(abo 
that 
poss 
inva 
(see 


sin 
the 
tio 
try 
Sw 
by 





XUM 


Vo. 6 


Cut+ 
ondi- 
rela- 


O one 

then 
nown 
1 the 
upric 


volts 
lition 
-ntial 
f the 
pola- 

first 


dded 
rated 
wave 
ot of 
dded 
stine. 
diza- 
1 the 
zined 
lina 
ental 
1 the 
ns of 
echa- 
rd of 
these 
com- 
logen 
"hese 
logen 
n S- 


zy the 
teine 
» and 
With 
sino- 
ulfite 
ition, 
\-400 
ation 
rious 
cked 
ed to 
xture 
ivity 
ative 
ctive 
(less 
sults 
mber 
in to 


adio- 





December 1958 


Tas_e II 
Uptake of S** sulfite* by trypsinogen and chymotrypsinogen 











No. of half- 
No. of S*- i 
H cystine 
Compound | — or pe resid ues/ 
| molecule | (s, 21) 
S**-sulfotrypsinogen........ 4.661 X 108 13.2 | 12 
S*-sulfochymotrypsinogen . | 3.846 X 106 10.9 | 10 





* Specific activity = 3.531 X 10° c.p.m./umole SO;". 
+ Values corrected for decay of S**. 


activity of the proteins with that of the radioactive sulfite used. 
It is seen that, in good agreement with the polarographic measure- 
ments, these data definitely establish the completeness of the 
reaction. 

Although little is known about the rate at which this trans- 
formation occurs, it may be significant that cystine was quanti- 
tatively converted to S-sulfocysteine in less than 1 minute when 
treated in the manner described above for trypsinogen and 
chymotrypsinogen; this was shown by high-voltage ionophoresis 
(22) of an aliquot of the reaction mixture removed immediately 
after the addition of the Cu** ions. When the same procedure 
was applied to an aliquot removed before the addition of Cu*+ 
(about 10 minutes after the addition of NaSO;), it was found 
that, largely, the conversion had already taken place. It is 
possible that in this case a cyclic reaction had taken place which 
involved reoxidation by air of the formed sulfhydryl] to disulfide 
(see Equation 1). 


General Properties of S-Sulfoproteins 


Solubility—In contrast to most of the procedures known at the 
present time for the rupture of disulfide linkages in these proteins, 
the products obtained when trypsinogen and chymotrypsinogen 
are treated by the Swan (8) procedure are completely soluble in 
water. It was found, however, that this solubility was strongly 
dependent on pH and ionic strength, a decrease in pH below 
neutrality and an increase in ionic strength tending, generally, 
to precipitate the protein. For instance, at a pH greater than 
7.5, solutions containing approximately 7 mg. of S-sulfoprotein 
per ml. were easily obtained up to an ionic strength of 0.05, but 
aggregation and, finally, precipitation occurred at higher ionic 
strength. Ata pH below 6, the proteins were insoluble even in 
the absence of salt. Lowering of the temperature also affected 
unfavorably the clarity of solutions when they were near the 
point of saturation. 

Solutions of S-sulfotrypsinogen and chymotrypsinogen dis- 
played a Tyndall effect, and a high sedimentation constant 
(approximately 33 8S), indicative of aggregation of the highly 
charged protein molecules. Addition of a small volume of a 
concentrated solution of SDS (final concentration 0.2 to 0.5 per 
cent), however, completely clarified the solution, generally a few 
minutes after mixing, and reduced the sedimentation constant 
to a value (2.0 S) close to that of the native protein (2.5 8). 

The high solubility of S-sulfotrypsinogen and chymotryp- 
sinogen makes possible a study of the molecular properties of 
these proteins which will be described in a subsequent publica- 
tion. The results obtained so far, however, favor the idea that 
trypsinogen and chymotrypsinogen, when submitted to the 
Swan procedure, yield homogeneous derivatives, as is evidenced 
by electrophoresis (Fig. 2) and sedimentation in the ultracentri- 
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fuge (Fig. 3). Preliminary calculations from these sedimentation 
and diffusion data indicate, furthermore, that the transformation 
is not accompanied by any significant decrease in the molecular 
weight of the proteins. 

Nitrogen Content and Absorption Spectra—Nitrogen was de- 
termined by the micro-Kjeldahl method on triplicate samples 
of S-sulfotrypsinogen and chymotrypsinogen prepared as 
described above and extensively dialyzed against distilled water. 
The nitrogen content of the samples was then correlated with 
the optical density of the same solutions as measured at 280 
my in 1 em. cells. The following values were obtained, using 
15.4 per cent and 15.75 per cent calculated nitrogen contents for 
S-sulfotrypsinogen and chymotrypsinogen, respectively: 

S-sulfotrypsinogen E\*,, = 14.2 


lem 


S-sulfochymotrypsinogen E}%,, = 17.9 
These values are slightly lower than those of the corresponding 
native proteins (see above). 

No detectable differences in absorption spectra of S-sulfo- 
chymotrypsinogen and native chymotrypsinogen could be found 
between 360 and 240 mu. 

Optical Rotation—The optical rotation of solutions of S-sulfo- 
trypsinogen and chymotrypsinogen was measured in the 
presence or absence of buffers and SDS. The results are sum- 
marized in Table III, where, for reference, values of the optical 
rotation of the native proteins are also included. 











Fic. 2. Descending electrophoretic patterns of S-sulfotryp- 
sinogen (above) and S-sulfochymotrypsinogen (below), in 0.2 m 
Tris buffer, pH 8.4, after 80 minutes at 9.84 volts em.~' and 221 
minutes at 7.04 volts em.~', respectively. Direction of migration 
is from left to right. The calculated mobilities were —7.52 X 10-5 
cm volt“! sec. for S-sulfotrypsinogen, and —5.62 X 10-* cm? 
volt! sec.~! for S-sulfochymotrypsinogen. 








1368 








S-Sulfoproteins 








Vol. 233, No. 6 











Fig. 3. Sedimentation patterns of S-sulfotrypsinogen (left) and S-sulfochymotrypsinogen (right) in 0.2 m Tris buffer, pH 8. 
at 20° and in presence of 0.5 per cent SDS, 64 minutes after reaching full speed (59,780 r.p.m.). 








Tas_e III 
Specific optical rotation of S-sulfoproteins 
Paley ee Soe S-sulfo | 
. Native in |, | ee” s lderivative in 
S-sulfoprotein + (derivative in | derivative in 
| buffer watert | uffert ar a 
| 
Trypsinogen. . —36.2° | —86.7° | —83.0° | —56.3° 
Chymotrypsinogen...| —70.5° —81.2° —56.1° 


—69.6° 





* 0.04 M ammonium acetate, pH 8.5. 

t pH 8-9; slightly opalescent solutions. 

t 0.04 m ammonium acetate, pH 8.5; slightly opalescent solu- 
tions. 


§ 0.04 mM ammonium acetate, 0.5 per cent SDS, pH 8.5; clear 
solutions. 


It is seen that conversion of the cystine to the corresponding 
S-sulfocysteine residues is accompanied by a significant change 
of optical rotatory power in the case of trypsinogen, but that 
the effect is much smaller for chymotrypsinogen. Indeed, the 
two sulfoproteins are far more nearly alike in optical rotation 
than the native proteins from which they were derived. 


Chemical Properties of S-Sulfoproteins 


Absence of New N-Terminal Groups—It was deemed of im- 
portance to ascertain that the reaction of disulfide bonds brought 
about by the Swan procedure was not accompanied by a rupture 
of peptide bonds. To this end, 1 umole each of S-sulfotrypsino- 
gen and S-sulfochymotrypsinogen, in a total volume of 5 ml., 
was treated in the autotitrator (16) with 0.1 ml. of pure FDB, 
at pH 9.0 and 37°. The mixture was titrated with 0.1 m NaOH 
until the recorded base consumption fell to the rate observed in 
the absence of protein, when the reaction was terminated by 
lowering the pH to 3.0. The dinitrophenyl proteins precipitated 
at this point and were centrifuged off, washed extensively with 
0.001 m HCl, followed by acetone and ether, and finally dried, 
first under a stream of air and then ina vacuum. Approximately 
0.3 wmole of dried dinitrophenyl protein was in each case 
suspended in 1 ml. of 5.7 a HCl in a small test tube and, after 
evacuation and sealing, heated for 24 hours at 105° (butyl- 
phthalate bath). The ether phases of the hydrolysates were 
examined by one-dimensional paper chromatography with tert- 
amyl] alcohol-pH 6.0 phthalate buffer according to Blackburn 


and Lowther (23), while the aqueous phases were subjected to 
high-voltage ionophoresis at pH 6.5, in pyridine-acetic acid 
buffer (24). The results obtained are summarized in Table IV. 
Since the only known N-terminal groups in trypsinogen and 
chymotrypsinogen are valine (25) and cystine (26) respectively, 
it is evident from the data of Table IV that no new N-terminal 
groups have been formed during the reaction of the proteins with 
sulfite. 

Reactivity of C-Terminal Groups—Both trypsinogen and chy- 
motrypsinogen, although each containing a single N-terminal 
group, have repeatedly been reported to be devoid of a reactive 
C-terminal group in the native or denatured state (27-30). 
However, more recently two reports have appeared which suggest 
that chymotrypsinogen does, in fact, contain a C-terminal group 
which has been claimed to be tyrosine (31) or leucine (32). 
It was, therefore, of interest to examine the S-sulfo derivatives of 
these proteins for C-terminal groups, as the changes in secondary 
or tertiary structure brought about by the treatment with 
sulfite might affect considerably the reactivity of such groups. 
2.5 umoles each of S-sulfotrypsinogen and S-sulfochymotryp- 
sinogen were, therefore, reacted with crystalline carboxypepti- 
dase-A and purified carboxypeptidase-B, at room temperature, 
in the presence of 0.05 m ammonium acetate buffer pH 8.5, 
the enzyme to substrate weight ratios ranging between 1:50 and 
1:100. Samples corresponding to 0.2 umole of starting material 
were removed at appropriate times and acidified with pure acetic 
acid; the precipitated proteins were centrifuged off, the super- 


TABLE IV 
N-terminal groups of S-sulfoproteins 
S-sulfoprotein 


Ether phase Water phase 


S-sulfotrypsinogen ...| Dinitropheny!- 


valyl 


e-dinitrophenyl- 
lysyl, no free 
lysyl 
S-sulfochymotrypsin- | 
ogen.... ..| Small amounts of 
bis-dinitro- 
phenyl-CySS 


Larger amounts of 
mono-dinitro- 
phenyl-Cy8S, « 
dinitrophenyl- 
lysyl, no free 
lysyl 


| 
| 
| 
| 
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TABLE V 


Amino acids liberated by carborypeptidase-A from 
S-sulfochymotrypsinogen 





Amino acid liberated 





| umole amino acid/yumole protein 
| 





EEO TO OE | 1.99 + 0.2 
IR oooh fede s erates 1.29 + 0.1 
DE thee. Sy a ciiele few Sera patis 1.25 + 0.3 
TILE. Lis BOS PROS e rad Slee 1.06 + 0.3 
Ae eis Bites Pe oF , 0.93 + 0.1 
BS thes asely aemiek dete coat eon 0.86 + 0.1 
a eee ee | 0.31 + 0.1 

moles AA 

ae oe Ala. 


1.54 Asp-NH,o 
Leue 


Val o 
10 


Three 
Ser o 





. Try « 








°% 10 20 30 40 50 60 MINUTES 
Fig. 4. Rates of liberation of amino acids (umoles of amino 
acid/umole of protein) from S-sulfochymotrypsinogen by carboxy- 
peptidase-A. For experimental conditions, see the text. 


natant solutions taken to dryness, and the residues applied 
quantitatively, with 50 per cent ethanol, to papers (Whatman 
No. 3) prepared for descending chromatography or high-voltage 
ionophoresis. In the first instance, the n-butanol-acetic acid- 
water system (4:1:5), or a system containing n-propanol (70 
parts), an aqueous solution of 0.05 m sodium pyrophosphate, and 
0.1 m NaCl, pH 7.3 (30 parts) employed by Hanes,’ was used; 
high-voltage ionophoresis was effected at pH 3.6 in acetic acid- 
pyridine buffer. After unequivocal identification in these 
three systems, the liberated amino acids were estimated by a 
modification of the method of Connell et al. (33) and Dixon et al. 
(34). 

The results obtained for S-sulfotrypsinogen were essentially 
negative, since no amino acid was liberated by carboxypepti- 
dase-A, and only 0.17 equivalents of lysine and 0.09 of arginine 
by carboxypeptidase-B. In view of the large quantities of 
protein used in the experiments (0.2 umole in each analysis), 
the amounts of basic amino acids liberated were considered to 
be insignificant, especially as their rate of appearance leveled 
off rapidly at the above mentioned values. 

In contrast, S-sulfochymotrypsinogen, although unreactive 
toward carboxypeptidase-B, was rapidly attacked by carboxy- 
peptidase-A, and at least seven amino acids were liberated in 
significant yields. The quantities given in Table V represent 
the mean of values obtained in four experiments, while the rates 
of liberation of amino acids in a typical experiment are shown 


‘This system was kindly proposed to us by Professor C. 8. 
Hanes, Department of Biochemistry, University of Toronto, 
Toronto, Ontario, Canada. 
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in Fig. 4. These data suggest the following C-terminal sequence 
for S-sulfochymotrypsinogen. 


Try. (Ser, Ala). Val. Thr. Leu. Ala. Asp(NH;)COOH 


These findings cannot be attributed to the splitting of peptide 
bonds during the preparation of S-sulfochymotrypsinogen, since 
no new N-terminal groups could be found with FDB (see 
above). The definite conclusion may be reached, therefore, 
that chymotrypsinogen is composed of a single open polypeptide 
chain. The reason for the lack of reactivity of the C-terminus 
of trypsinogen, in contrast, still remains to be elucidated. 


Action of Trypsin on S-Sulfoproteins 


Since one of the most prominent properties of the zymogens is 
their conversion to active enzymes by trypsin, it was of interest 
to investigate in some detail the action of trypsin on S-sulfo- 
trypsinogen and -chymotrypsinogen. 

Lack of Activation—To 2 ml. of a cold 0.74 per cent S-sulfo- 
trypsinogen solution was added 0.2 ml. of 0.1 m Tris and 0.05 m 
CaCl, buffer pH 8.0, at which point the protein precipitated. 
0.01 ml. of a 2.56 per cent trypsin solution was then added, the 
mixture was left at 0°, and aliquots withdrawn at 0, 60, and 360 
minutes for assay of esterase activity (35) toward benzoyl-1- 
arginine ethyl ester (36). No activity appeared, indicating 
that S-sulfotrypsinogen cannot be activated under these condi- 
tions. 

A similar experiment on S-sulfochymotrypsinogen demon- 
strated that, in this case, too, the zymogen derivative was not 
activated by trypsin. 

General Degradation—In contrast to the limited proteolysis 
characteristic of the activation of these zymogens (37), much 
more extensive degradation accompanies the action of trypsin 
on the corresponding S-sulfoproteins. In one of several experi- 
ments, 0.93 umole of S-sulfotrypsinogen was titrated in an auto- 
titrator with 0.1 a NaOH to pH 8.5 in a total volume of 5 ml. 
and in the presence of 0.1 m KCl and 0.1 m 8-phenylpropionate 
(to inhibit any chymotrypsin present). At zero time, 0.055 
umole of trypsin was added, and the titration at pH 8.5 im- 
mediately commenced. No Ca** ions were present in the reac- 
tion mixture, and it was observed that addition of these ions 
caused the S-sulfotrypsinogen to precipitate (see above) ; a second 
addition of an equal quantity of trypsin was therefore made 
after 140 minutes, when the base uptake had slowed down. The 
reaction was finally stopped after a total of 6 hours, at which 
time the base uptake had ceased completely. 

Similar experiments were conducted with other samples of 
S-sulfotrypsinogen and with several samples of S-sulfochymo- 
trypsinogen. The results are summarized in Table VI. As- 
suming that, at pH 8.5 and 25°, 0.9 H;O* ions are liberated when 
one peptide bond is split (38), the total number of bonds split 
by trypsin in each molecule has been calculated from the molar 


TasBie VI 


Base uptake during tryptic degradation of S-sulfoproteins 





Lys, Arg (15, 21) 





S-sulfoprotein Total base uptake Bonds split 
os ey mole/mole protein | No./molecule No./ molecule 
S-sulfotrypsinogen | 10.91 + 0.6) 13.1 + 0.7 16 
S-sulfochymotryp- | 
sinogen .| 


7.85+0.3) 9140.3 17 


| 
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Fic. 5. Rates of liberation of activation peptide (umoles of 
peptide per umole of protein) from S-sulfotrypsinogen by trypsin, 
in presence and in absence of calcium. For experimental condi- 
tions, see the text. 


base uptake, and is also given in Table VI. It is apparent that 
the proteolytic attack on S-sulfotrypsinogen is much more com- 
plete than on S-sulfochymotrypsinogen. 

Liberation of Activation Peptide from S-Sulfotrypsinogen—De- 
spite the extensive tryptic degradation of S-sulfotrypsinogen, 
only small quantities of the characteristic activation peptide 
Val.Asp,.Lys (39) were observed when the hydrolysate was 
subjected to high-voltage ionophoresis. Since, however, the 
presence of Ca** is obligatory for complete activation of trypsino- 
gen and the liberation of the hexapeptide (40), it was of interest 
to investigate the effect of Ca++ on the liberation of this peptide 
from S-sulfotrypsinogen. 

In a typical experiment, 1 umole S-sulfotrypsinogen in 0.02 m 
ammonium acetate, 0.05 m in CaCl, pH 8.0, was incubated with 
0.027 umole of trypsin. Aliquots were removed at 0, 15, 45, 120, 
and 240 minutes, the reaction being stopped in each case by 
addition of 0.1 ml. of anhydrous formic acid. After centrifuga- 
tion, the supernatant solutions were taken to dryness and then 
dissolved in 0.1 ml. of water and quantitatively transferred to a 
paper prepared for high-voltage ionophoresis, together with a 
marker of pure activation peptide (39). After ionophoresis for 
45 minutes at 1500 volts, in acetic acid-pyridine buffer pH 6.5, the 
spots were visualized with ninhydrin spray, and those correspond- 
ing to the activation peptide estimated by the modified method 
of Connell et al. (33) and Dixon et al. (34); the absorbance of 
the activation peptide, after ninhydrin reaction under these 
conditions, was determined in a separate experiment and was 
found to correspond, at 570 my, to 6.4 per umole dissolved in 5.0 
ml. The results, together with those of a parallel experiment 
without Ca** ions, are represented in Fig. 5. It is seen that, 
although no activation had occurred, the activation peptide 
was nevertheless liberated by trypsin from S-sulfotrypsinogen; 
perhaps most striking of all, however, is the fact that the presence 
of Ca++ in the reaction mixture had a considerable influence on 
the rate, as well as on the yield, of peptide release. The signit- 
icance of this finding will be considered further in the discussion. 

DISCUSSION 

The present method of modification of disulfide linkages in 
a-chymotrypsinogen and trypsinogen, by their quantitative 
conversion to sulfocysteyl residues, promises to be of general 
value in the study of protein structure. Thus, as already men- 
tioned, the resulting protein derivatives are water soluble and 
apparently homogeneous; also, the reaction avoids destruction 
of other amino acid residues, such as tryptophanyl, which oc- 
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curs during performic acid oxidation. Since the S-sulfoproteing 
are much more susceptible to enzymatic degradation, sequential 
amino acid analysis is greatly facilitated. Finally, by use of 
S** sulfite, radioactive labels can be specifically introduced into 
the protein in positions corresponding to each half-cystine resj- 
due. 

The present results of the C-terminal amino acid analysis of 
a-chymotrypsinogen illustrate well the merits of this method. 
Thus, in chymotrypsinogen the C-terminal region appears to 
exist in a configuration which is inaccessible to carboxypeptidase 
either in the native or denatured (8 mM urea) state. While the 
nature of this impediment cannot be precisely described at the 
present time, it is significant that it is removed after the disulfide 
bonds have been broken. The presence of a single C-terminal 
group in chymotrypsinogen is in agreement with the findings 
of Chappelle and Luck (41), who have recently reported that 
this protein contains a single C-terminal group reactive with 
N-bromosuccinimide. The presence of a C-terminal asparagine 
could account for the failure of the hydrazinolysis method to 
yield a free amino acid, since the corresponding 6-hydrazide of 
aspartic acid would be removed in the main hydrazide fraction. 
Previous reports of a C-terminal tyrosine or leucine in chymo- 
trypsinogen, although incompatible with the present findings, 
could possibly be accounted for by the presence of neo-chymo- 
trypsinogens in the preparations used. Support for this view is 
given by the fact that a variable amount of tyrosine was liberated 
from different preparations (37). In contrast to earlier reports, 
wherein tyrosine was thought to be the C-terminal group in 
performic acid oxidized or urea denatured chymotrypsinogen, 
Meedom‘ has recently reported a C-terminal sequence in per- 
formic acid oxidized chymotrypsinogen which is in excellent 
agreement with that described herein. 

The fact that S-sulfotrypsinogen, like the parent protein, still 
does not react with carboxypeptidases- A or B, restricts the 
interpretation to two possibilities; either the protein consists of 
a semicyclic polypeptide chain wherein the C-terminal carboxy] 
group is bonded to some other side chain (through peptide or 
ester bonds), or the C-terminal group is an a-amide. 

As far as can be judged from the present data, the gross molecu- 
lar integrity of trypsinogen and chymotrypsinogen is retained 
after their conversion to the corresponding S-sulfo derivatives; 
this lends support to the conclusion that each consists of a single 
polypeptide chain. Thus there is no evidence for a decrease in 
molecular weight and the protein is quantitatively recovered in a 
nondialyzable form. This is in contrast to the report of Egan 
and Gross (42) according to which chymotrypsinogen, when 
treated with sulfite and p-chloromercuribenzoate, underwent 
extensive fragmentation. Furthermore, the identity in absorp- 
tion spectra of the S-sulfo derivatives, as compared to the parent 
native proteins, is further evidence that this method of breaking 
disulfide bonds is without any harmful effects on tryptophanyl 
or tyrosyl residues. 

Previous investigation of the structure and activation of chy- 
motrypsinogen and trypsinogen suggested that each protein 
contains a region whose secondary structure is relatively un- 
affected by activation or by denaturation and which might be 
stabilized by intrachain disulfide bonds (37). It is to be ex- 
pected, therefore, that when these bonds are broken the molecule 


4B. Meedom, submitted for publication in Biochim. et biophys. 
acta. 





Decemb 


will assu: 
nearly re 
tern. Ir 
more neg 
results it 
apparent 
breakage 
crease in 
state; in 
tively hi 
rotation 
disulfide 
are almc 
upon th 
proteins 
crease il 
however 
of molec 
optical r 

Althot 
trypsino 
configur: 
in each ¢ 
does not 
proteins. 
sulfochy 
to the s 
as furth 
noted tl 
also be t 

It is « 
trypsin | 
N-termi 
amounts 


SQABsB 


si- 


ees, 


he 
de 


at 
th 


nt 


ly- 





December 1958 


will assume a greater degree of freedom either to become a more 
nearly random coil or else to follow a more nearly helical pat- 
tern. In the former case the specific levorotation would become 
more negative, and in the latter case more positive. The present 
results indicate that in trypsinogen, which in the native state 
apparently has a greater helical content than chymotrypsinogen, 
breakage of the disulfide bonds produces a relatively large in- 
crease in levorotation, indicating a transition toward the random 
state; in chymotrypsinogen, however, which initially has a rela- 
tively higher levorotation, a much smaller change in optical 
rotation occurs. It may be significant that after rupture of the 
disulfide bonds, the rotatory properties of the two S-sulfoproteins 
are almost identical in water, and change in a parallel manner 
upon the addition of salts or detergent, suggesting that both 
proteins have assumed the same degree of disorder. The de- 
crease in levorotation occurring upon the addition of SDS, 
however, cannot be fully interpreted at this time, since the effects 
of molecular interaction between detergent and protein on the 
optical rotation are not known. 

Although the formation of S-sulfotrypsinogen and chymo- 
trypsinogen involves a considerable modification of the internal 
configuration, a certain element of intrinsic structure is retained 
ineach case. This is borne out by the fact that the levorotation 
does not attain the high value characteristic of fully denatured 
proteins. The failure of trypsin to split, particularly in S- 
sulfochymotrypsinogen, all the peptide bonds which conform 
to the specificity requirements of this enzyme may be taken 
as further support of this interpretation, although it should be 
noted that specific configurations in primary structure might 
also be the cause for the limited proteolysis. 

It is of interest to note that in the absence of calcium ions 
trypsin liberated from S-sulfotrypsinogen small amounts of the 
N-terminal hexapeptide, Val.Asp,.Lys, and that much larger 
amounts of this peptide were obtained in the presence of calcium 
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ions. When this is compared to the behavior of native trypsino- 
gen, a considerable similarity is seen, since only in the presence of 
calcium ions is the activation peptide released in stoichiometric 
amounts, and full activity achieved (40). Since in a molecule 
whose overall secondary and tertiary structure is extensively 
altered by breakage of disulfide bonds and incorporation of many 
new negative charges, a similar effect is seen, the present findings 
suggest that the effect of calcium ions upon the activation process 
may be a fairly local one in the native molecule. 


SUMMARY 


The preparation of S-sulfotrypsinogen and chymotrypsino- 
gen, by the reaction of the corresponding native proteins with 
cupric ammonium sulfite, in 8 m urea, is described. It is shown 
that in this reaction the cystinyl groups in the protein are quanti- 
tatively converted to the corresponding S-sulfocystey] groups. 

The water soluble protein derivatives have been studied with 
respect to solubility properties, optical rotation, end-group 
analysis, and susceptibility to the action of trypsin. In partic- 
ular, the C-terminal sequence of chymotrypsinogen has been 
elucidated as follows: 


Try. (Ser, Ala). Val. Thr. Leu. Ala. Asp(NH;,)COOH 


The possibilities of the general application of this method of 
breakage of disulfide bonds to the structural analysis of proteins, 
particularly of trypsinogen and chymotrypsinogen, is discussed. 
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Amino Acid Sequence in the Region of Diisopropylphosphoryl 
Binding in Diisopropylphosphoryl]-Trypsin*t 


Gorpon H. Drxon,{t Dororny L. KaurrmMan, anp Hans NEeuRATH 


From the Department of Biochemistry, University of Washington, Seattle, Washington 


(Received for Publication, July 14, 1958) 


It is well established that the reaction of diisopropylphos- 
phorofluoridate and other organophosphates with trypsin and 
chymotrypsin occurs through combination with a grouping on 
the active site so as to cause complete inhibition of enzymatic 
activity (1). By this reaction it is possible, therefore, to intro- 
duce a label onto an element of the active site and to characterize 
its chemical surrounding by degradation of the labeled enzyme 
and elucidation of the structure of the resulting peptides. Se- 
quence analyses on these peptides will provide information on 
some elements of the environment of the active site, but such 
information will not necessarily be complete since, as suggested 
by Dixon (2), the active site may overlay several segments of 
peptide chains adjacent in space but not in amino acid sequence. 

Considerable evidence is available to indicate that the binding 
of the organophosphate occurs by phosphorylation of the 
hydroxyl group of one specific serine residue. Schaffer et al. 
(3, 4) have reported the amino acid sequence in short peptides 
containing the labeled serine, obtained by acid hydrolysis of 
Sarin'-inactivated trypsin, to be Asp.Ser.Gly. Longer peptides 
were isolated by Dixon et al. (5) following chymotryptic degrada- 
tion of DIP*-trypsin? labeled with C" in the isopropyl groups and 
the composition of the peptides was determined. These observa- 
tions were in agreement with the composition of DIP-peptides 
subsequently reported by Cohen et al. (6), who used a crude 
mixture of pancreatic enzymes (Cotazym) for degradation of 
the labeled protein. More recently, in a preliminary commu- 
nication (7), the present authors have described the composi- 
tion and sequence of a pentadeca-peptide containing DIP*- 
serine, derived from DIP*®-trypsin by performic acid oxidation, 
followed by digestion with trypsin. In the present communica- 
tion, the experimental details of the isolation and determination 
of structure of this peptide will be described. 


* This work has been presented in part before the 133rd meeting 
of the American Chemical Society, San Francisco, California, 
April 13-18, 1958 and, in part, before the [Vth International 
Congress of Biochemistry, Vienna, Austria, September 1-7, 1958. 

+ This work has been supported in part by Grant No. RG-4617 
from the National Institutes of Health, United States Public 
Health Service, and was also performed under Contract No. 
Nonr-477-04 between the University of Washington and the Office 
of Naval Research, Department of the Navy. 

t Present address, Department of Biochemistry, University of 
Oxford, Oxford, England. 

' Sarin, isopropyl methyl phosphorofluoridate. 

*The abbreviations used are: DFP, diisopropylphosphoro- 
fluoridate; DIP-, diisopropylphosphoryl-; FDB, 1-2,4-dinitro- 
fluorobenzene; Tris, tris(hydroxymethyl)aminomethane; DNP-, 
dinitrophenyl. 


In the course of this work it became necessary to develop new 
methods, and modify existing ones, to allow rapid determination 
of the amino acid composition and sequence of a large number 
of peptides present in fractional micromolar quantities. Since 
these methods might be of general applicability in sequence 
analysis, it seemed desirable to report the experimental methods 
in some detail. 


EXPERIMENTAL 


Materials and Methods 


Trypsin (lot No. TR 515) was a twice crystallized product 
containing 50 per cent MgSO,, prepared by the Worthington 
Biochemical Corporation, Freehold, New Jersey. The protein 
was dissolved in 0.01 m HCl, dialyzed extensively in the cold 
against 0.001 m HCl, pH 3, and used as such. 

DFP® was obtained from Technical Operations, Inc., Arling- 
ton, Massachusetts, and was in the anhydrous state, having a 
specific activity of 208 me. per mg. when prepared. 

Preparation of DIP®-trypsin—The dialyzed salt-free trypsin 
solution (equivalent to 4.0 gm. of commercial trypsin, in 50 ml.) 
was placed in a beaker, cooled to 0° in an ice bath, and a mixture 
of 10 mg. of DFP® and 10 mg. nonradioactive DFP was added, 
after which the reaction mixture was adjusted to pH 7.8 with 
anhydrous triethylamine. The solution was incubated at 0° 
with stirring for 30 minutes and 50 mg. of nonradioactive DFP 
was added. After stirring for a further 30 minutes, the solution 
was adjusted to pH 3.0 with 1 n HCl and poured into 500 ml. of 
acetone; a flocculent white precipitate settled and was filtered 
off and washed 7 to 8 times with acetone and then with ether. 
2.9 gm. of a white powder resulted. 200 mg. were retained and 
the remainder was oxidized. 

Oxidation of DIP®-trypsin with Performic Acid—2.7 gm. of 
DIP®-trypsin were dissolved in 50 ml. of a mixture of 98 per 
cent formic acid and 5 ml. of methanol, and cooled to —10°. 
90 ml. of performic acid reagent (5.0 ml. of fresh 30 per cent 
hydrogen peroxide (Superoxol, Merck Sharp and Dohme) in 
100 ml. of 98 per cent formic acid, stored at room temperature 
for 2 hours before use), were also cooled to — 10° and then added. 
The reaction mixture was left at —7° + 2° for 3.5 hours, when 
a dark purple-brown color developed. Sulfur dioxide was then 
bubbled through the solution at —7°, and the solution was 
allowed to warm gradually to room temperature. Excess SO, 
and most of the formic acid were removed by vacuum distilla- 
tion, at room temperature, in glass. When the volume had been 
reduced to approximately 5 to 10 ml., a large volume of acetone 
(500 ml.) was added. A lilac flocculent precipitate was formed 
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which was filtered off, and washed exhaustively with acetone 
and ether. The yield of lilac powder was 2.25 gm. 

Action of Trypsin on Oxidized DIP*®-trypsin—500 mg. of 
oxidized DIP®-trypsin were suspended in 10 ml. of water in a 
Potter-Elvejhem glass homogenizer until the precipitate was 
very finely dispersed. The suspension was then transferred to 
an autotitrator (manufactured by Ole Dich, Instrument Maker, 
Copenhagen, Denmark, and used in conjunction with a TTT-1 
titrator from the Radiometer Corporation, Copenhagen, Den- 
mark) and titrated to pH 8.0 by the addition of 0.25  tri- 
ethylamine. 10.2 mg. of trypsin were added at zero time and 
the pH maintained at pH 8 by the automatic addition of 0.25 m 
triethylamine. After 132 minutes, anhydrous formic acid was 
added to bring the pH of the reaction mixture to 3.0. A floc- 
culent white precipitate was centrifuged off and the clear brown 
supernatant solution, together with washings of the precipitate, 
was applied to a column of Dowex 50 (2 per cent cross linked, 
200 to 400 mesh) in the ammonium form, which had been equili- 
brated with 0.1 mM ammonium formate at pH 3.0. Most of the 
radioactivity passed through the column at the hold-up volume. 
The column was washed with 0.01 m formic acid until the effluent 
radioactivity had reached a low level. The fractions comprising 
the hold-up volume were pooled and lyophilized, and the column 
was treated with 0.05 n ammonium hydroxide, when a dark 
yellow eluate was obtained containing only a very small level of 
radioactivity. Upon high-voltage ionophoresis this fraction 
showed neutral and basic peptides which were stained by nin- 
hydrin but were not radioactive. 


Fractionation of Enzymatic Hydrolysate 


High-voltage Ionophoresis—High-voltage ionophoresis, accord- 
ing to Michl (8), was used extensively for separation of peptides. 
Pyridine-acetic acid buffers at pH 3.6 and 6.5 were made accord- 
ing to Ryle et al. (9) and toluene or cumene was employed as 
coolant. 

In a typical experiment, the hydrolysate corresponding to 1 to 
2 wmoles of DIP®-trypsin was placed as a narrow band along 
the center line of a Whatman No. 3 paper (20 X 40 cm.), the 
paper wetted with buffer from either end, blotted, and a potential 
of 1500 volts applied across the paper (37.5 volts per cm.) for 
60 minutes, after which the paper was dried in air, with a cold- 
air fan. Several such ionophoreses were run in order to accumu- 
late sufficient peptides for further characterization. 

Radioautography—tIn order to delineate the radioactive pep- 
tides, a dry ionophoretogram prepared as above was placed in 
contact with a sheet of Kodak medical x-ray film in a suitable 
light-proof container, for a time sufficient to cause easily visible 
blackening of the film in the vicinity of the radio-peptides. A 
convenient way of aligning the paper and the x-ray film was to 
pass thumbtacks through both in at least three places, leaving 
them in position until the exposure was terminated, when the 
holes in the paper and the developed film could easily be aligned. 
The position of the peptides on the ionophoretogram could then 
be outlined in pencil and strips corresponding to them cut out 
for elution. 

Elution of Peptides*—The most convenient method of elution 
was dipping one end of the paper strip that contained the peptide 
into a container of distilled water (usually a wide-mouthed jar), 


*JIt has been brought to the attention of the authors that a 
method similar to this has been described by Urbach (10). 
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and allowing the water to rise by capillarity to the top of the 
paper, carrying the peptide with it. A current of air was drawn 
across the top of the paper strip, which caused the peptide 
material to become concentrated as a narrow band at the top 
of the strip. The strip could then be inverted and placed in 
contact with a moist wick of thick filter paper dipping into a 
chromatography trough of water and the peptide material 
removed in a small volume of water by means of a Lang-Levy 
micropipette. By this technique the paper strip could be washed 
as many times as required. As a control, this method was 
applied to amino acids on paper strips and recoveries (as meas- 
ured by quantitative ninhydrin reaction) of 90 to 95 per cent 
were reproducibly obtained. Occasionally a spot of DNP- 
cysteic acid was used as a marker for the elution, since it js 
bright yellow and has a solubility in water comparable to that 
of most amino acids or peptides. However, in the case of the 
radioactive peptides which were later found to contain between 
15 and 50 residues, there was some adsorption onto the paper, 
and recoveries were probably not higher than 70 per cent. In 
some cases the recoveries could be improved by using 30 per cent 
formamide as an eluent. 

Purification of Radioactive Peptides by Paper Chromatography 
in Butanol-Acetic Acid-Water—Each radioactive peptide which 
was eluted from the high-voltage ionophoretograms was purified 
by chromatography on Whatman No. 3 paper using butanol- 
acetic acid-water (4:1:5) as solvent. The eluted material was 
dissolved in a small volume of water and applied to the original 
chromatogram as a narrow band and the chromatogram devel- 
oped for 24 hours at room temperature. Each sheet was dried, 
a radioautograph made, and the radioactive band outlined in 
pencil. Marker strips were then stained with ninhydrin (0.4 
per cent in 90 per cent isopropanol water, 2 per cent in 2,4,6- 
collidine). In each case a ninhydrin-positive spot corresponded 
in position to the radioactivity. In some cases nonradioactive, 
ninhydrin-positive, peptides also appeared in other positions of 
the chromatogram, but only the radioactive bands were eluted 
in the way described above. 

Determination of Specific Activity of Phosphate Bound to 
Trypsin—The total phosphorus content of the labeled trypsin 
was determined as follows: Three separate aliquots of approxi- 
mately 12.0 mg. of both DIP®-trypsin and oxidized DIP*- 
trypsin, which had been dried in a desiccator, were weighed out 
into test tubes and digested with 0.2 ml. of 10 N H.SO, for 90 
minutes at 175-180° and the total phosphorus determined by 
the method of Fiske and SubbaRow (11) as described by Umbreit 
(12). Aliquots of the final phosphomolybdate solution, after 
reading in the spectrophotometer, were diluted 1000 times and 
counted on copper plates with a conventional Geiger-Miiller 
tube and scaler. 

N-terminal End-group Analysis—The FDB method of Sanger 
was used for determination of N-terminal amino acids as de- 
scribed for peptides by Fraenkel-Conrat et al. (13). 

Hydrolysis of Peptides—Peptides were hydrolyzed in 5.7 M 
HC! at 110° in a temperature-controlled oil bath for 16 hours in 
sealed, evacuated tubes. The HCl was removed by standing 
over NaOH in an evacuated desiccator. The residue was taken 
up in a small volume of water and again taken to dryness in a 
desiccator over NaOH. This was repeated three times. The 
residue of amino acids was taken up in a small measured volume 
of water and aliquots were used for separation and estimation 
of amino acids. 
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Separation of Amino Acids 


Two main methods were used: (a) a paper chromatographic 
method involving the use of two separate one-dimensional solvent 
systems; (b) a combined high-voltage ionophoresis and paper 
chromatographic method. 


Paper Chromatographic Methods 


Solvent systems—(a) n-Propanol-0.05 m sodium pyrophosphate: 
(.1 m sodium chloride buffer, pH 7.3 (70:30).4 (6) Phenol-m- 
cresol-0.05 M sodium pyrophosphate: 0.1 m sodium chloride 
buffer, pH 9.3 (50:50:14). 

In each case Whatman No. 3 papers, 10 X 28 inches, which 
had been dipped in 0.05 m sodium pyrophosphate buffer, 0.1 m 
in NaCl at pH 7.3 or 9.3, respectively, were used. The length 
of development was 36 to 42 hours at 40°. In the propanol 
solvent all the amino acids were separated with the exception 
of aspartic and glutamic acids in one spot and serine, glycine 
and histidine in another. However, the phenol solvent separated 
these amino acids and a combination of analyses in the two 
systems led to a complete separation of the amino acids. 

High-voltage Ionophoresis Combined with Chromatography— 
This method has been used more recently and was considerably 
more satisfactory than the chromatographic method described 
above. From a sheet of Whatman No. 3 paper (18} X 22} 
inches) a T-shaped paper was cut with dimensions as indicated 
in Fig. 1 and the mixture of amino acids applied to the center of 
the cross bar of the T. The flap of paper extending to the left of 
the diagram was rolled up and fixed to a conventional glass rack 
used for high-voltage ionophoresis, by means of a glass rod 
passing through polyethylene bands. The 20 X 40 cm. section 
(i.e. the horizontal bar of the T in an upright position) was 
wetted with buffer (pyridine-acetic acid, pH 3.6) from the two 
ends with sharpening of the spot in the usual way. High- 
voltage ionophoresis was carried out for 20 minutes at 1500 volts, 
when the basic amino acids in one spot, the neutrals in another, 
and the three acidic amino acids, glutamic, aspartic and cysteic 
were well separated. The paper was then air-dried and wetted 
with a 0.05 m sodium pyrophosphate, 0.1 mM NaCl buffer, pH 7.3, 
again taking care to approach the region of the amino acid spots 
from both sides and thus achieve a sharpening. The paper was 
then air-dried, carefully folded, and developed at 30° for 30 
hours with the propanol solvent described above. It has been 
noticed that better resolution and sharper spots are achieved if 
the chromatography tank is not fully saturated with solvent, 
indicating that evaporative processes are conducive to chromato- 
graphy. Since the arrangement of chromatography tanks is 
usually different in every laboratory, it seems unavoidable that 
the exact saturation conditions must be determined separately 
in each case. In the case of the peptide O-Tr-1 (vide infra) 
which contained, in the neutral fraction, only the amino acids 
serine, glycine, valine, and proline, high-voltage ionophoresis 
for 3.5 hours at 1500 volts at pH 3.6 sufficed to separate these 
four amino acids very cleanly from one another. 

(Quantitative Ninhydrin Method—The method of Connell et al. 
(14) for the estimation of amino acids on filter paper chromato- 
grams was used, with slight modifications of the ninhydrin rea- 


‘This chromatographic system was kindly proposed to us by 
Professor C. 8. Hanes, Department of Biochemistry, University 
of Toronto, Toronto, Ontario, Canada, as were the modifications 
to the quantitative ninhydrin method. 
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G. H. Dixon, D. L. Kauffman, and H. Neurath 
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Fic. 1. Diagram of the filter paper sheet used for combined 
high-voltage ionophoresis and paper chromatography. 


gent‘ which was prepared as follows: 3.8 gm. of ninhydrin (Dough- 
erty Chemicals, New York, New York) were dissolved in 570 
ml. of methyl cellosolve, 250 ml. of 4 m sodium acetate buffer 
pH 5.5 were added, and the volume made up to 1 |. with water. 
The solution was degassed under vacuum for 30 minutes at room 
temperature. Nitrogen was then admitted and bubbled through 
the solution in the cold room for 1 hour or until the solution was 
cold. 0.6 gm. of hydrindantin (Dougherty Chemicals) was then 
added and the solution again flushed with nitrogen and stirred 
with a magnetic flea. Before use, a portion of the reagent was 
centrifuged and the hydrindantin concentration checked by 
adding 2 ml. of reagent to 1 ml. of 8 m NaOH, when a stable 
blue color was formed. The extinction of this blue compound 
at 570 my should be in the range of 0.35 to 0.9. If it is lower 
than this, more hydrindantin should be added and the solution 
stirred with a magnetic flea and tested again. 


Leucine Aminopeptidase 


Leucine aminopeptidase was prepared according to the method 
of Spackman et al. (15), but the final purification step by zone 
electrophoresis was omitted. Before use, the preparation had 
been stored in the cold under toluene from 1 to 2 years. The 
proteolytic coefficient on leucinamide was approximately 30. 
The enzyme was dialyzed before use against 0.005 um MgCl, 
0.005 m Tris at pH 8.0 to free the preparation of extraneous 
amino acids. 

Action of Leucine Aminopeptidase on O-Tr-1—1.38 ywmoles of 
the peptide O-Tr-1 were dissolved in 1.0 ml. of water and mixed 
with 1.6 ml. of 0.2 M ammonium acetate buffer, pH 8.0, and 0.09 
ml. of 0.1 m MnChk. 1.36 ml. of the dialyzed aminopeptidase 
solution was added, a control tube being set up that contained 
1.0 ml. of water instead of the peptide solution. Toluene was 
added to each tube as a preservative, since the reaction was slow. 
Aliquots were taken at 13, 24, 48, and 120 hours, acidified by the 
addition of 0.1 ml. of anhydrous formic acid, and taken to 
dryness over NaOH in a vacuum. The residue was taken up in 
water and spotted for high-voltage ionophoresis. The paper 
was dried, a radioautograph prepared, and the radio-peptides 
eluted and rechromatographed in butanol-acetic acid. The 
portion of the paper corresponding to the neutral amino acids 
was eluted and transferred to another paper and subjected to 
ionophoresis at pH 3.6 for 3.5 hours. 


Procarboxrypeptidase-B 


Procarboxypeptidase-B was prepared according to Folk and 
Gladner (16), and was used directly or after chromatography (17). 
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The zymogen was activated by trypsin, as described by these 
authors. The effect of ammonium acetate buffers on the reac- 
tion was investigated, since it was desirable to use a volatile 
buffer, but no inhibition of the hydrolysis of the test substrate, 
benzoylglycyl-L-lysine, was observed. 

Action of Carboxrypeptidase-B on O-Tr-1—0.138 umole of O-Tr-1 
was dissolved in 0.1 ml. of 0.05 m ammonium acetate, pH 8, 
and 0.025 ml. of a 1:10 dilution of the activated procarboxy- 
peptidase-B solution was added. An enzyme control containing 
no peptide was also set up. The digest was taken to dryness 
after 16 hours at 25°, spotted on paper, and subjected to iono- 
phoresis at pH 3.6 for 30 minutes at 1500 volts. The paper 
was dried and radioautographed and a strip corresponding in 
position to lysine was sprayed with ninhydrin and the lysine 
estimated. 


Subtilisin 


Subtilisin was obtained from Dr. K. Linderstrgm-Lang of the 
Carlsberg Laboratory and was in the dry crystalline state (18). 
2.8 mg. of dry crystals were dissolved in 0.1 ml. of 0.1 m ammo- 
nium acetate, pH 8.0, and frozen until used. 

Action of Subtilisin on O-Tr-1—0.2 umole of O-Tr-1 was dis- 
solved in 0.2 ml. of 0.1 Mm ammonium acetate buffer pH 8. 10A 
of subtilisin solution were added and the solution incubated at 
25° for 12 hours. The resulting mixture of peptides was sepa- 
rated by high-voltage ionophoresis at pH 3.6 and subsequently 
by chromatography in butanol-acetic acid. The ninhydrin- 


TaBLeE I 
Specific activity of phosphate bound to trypsin in DIP**-trypsin 





























Protein pg. P c.p.m. X 1076 Ame P Mean X 1075 a er 
me. ai 
DIP®-trypsin 

12.7 14.1 | 2.862 2.030 | 

12.0 13.7 2.800 2.042 2.027 6.28 

12.9 14.8 | 2.977 | 2.009 

Oxidized DIP*-trypsin 

11.2 10.9 | 2.474 | 2.270 

19.9 18.0 | 4.002 | 2,223 2.254 7.02 
ies. 7.7 | 1.754 | 2.270 

TABLE II 


Yields of radioactive peptides from tryptic degradation of oxidized 
DIP*®-trypsin 




















Fraction ~~ a umole Yield 
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500 mg. oxidized DIP*-trypsin........ 1.0150 | 12.3 100 

Insoluble fraction after acidification 

OL WUPONYERNO ss 6c oie ins Leeiieare 0.0772 | 0.93 7.6 
Ma iss ar 24 idbtdc inns x84 ted 0's tr fasten tse 0.1860 2.25 | 18.1 
| SR ER Seen Ceres 0.0375 0.45 3.6 
NES Baste Foe Oia oes. od ck aes 0.0396 0.48 3.9 
OFFS0...... 0.0547 | 0.66 | 5.3 
POs. eiec: .. 0.0614 | 0.74 | 6.0 
RS ancatenchel ied ig Ce 0.4564 | 5.515 | 44.5 
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stained spots were cut from the paper, attached to planchettes, 
and counted in the flow counter. 


RESULTS 
Tryptic Hydrolysis of Oxidized DIP®-Trypsin 


Base Consumption in Absence of Added Trypsin—A spontane- 
ous consumption of base was observed when the suspension of 
oxidized DIP*-trypsin was brought from pH 3.0 to 8.0; this 
consumption continued for several hours before finally leveling 
off. Either of two explanations may account for this behavior: 
(a) the oxidized DIP*-trypsin still possessed a low level of 
proteolytic activity; or (b) there was a reversal of an “acyl 
shift” induced by dissolution of the protein in essentially anhy- 
drous formic acid (under the conditions of performic acid oxida- 
tion), as has been shown to occur with lysozyme and ribonuclease 
(19, 20). 

Base Consumption in Presence of Added Trypsin—Although 
a slow, spontaneous base uptake was already occurring, upon 
the addition of trypsin a rapid uptake took place corresponding 
to 13.25 pmoles of triethylamine after 132 minutes. If an 
average pK of 7.5 is assumed for the newly formed a-amino 
groups at 25°, this would be equivalent to 17.4 bonds split per 
mole of trypsin. However, because of the spontaneous base 
uptake, this figure is certainly too high, since there are in trypsin 
only 16 bonds (14 lysines and 2 arginines) susceptible to tryptic 
attack. Since more than one radioactive peptide was found 
at this stage, it is probable that hydrolysis was incomplete. 
Moreover, later work showed that further digestion of these 
larger radioactive peptides with trypsin gave rise to a single, 
common radiopeptide, O-Tr-1. 


Specific Activity of Phosphate Bound to Trypsin 


The results of the estimation of the total phosphorus in DIP®. 
trypsin and oxidized DIP®-trypsin are shown in Table I, together 
with the radioactivities that were determined on 1000-fold 
dilutions of the phosphomolybdate solutions. It is seen that a 
higher specific activity exists in the oxidized protein, which would 
probably indicate that some nonradioactive phosphate was 
adsorbed to the native trypsin and was removed under the 
drastic denaturing conditions of the performic oxidation pro- 
cedure. 

In order to calculate the specific activity of the DIP residue, 
it is necessary to consider the fact that trypsin normally contains 
0.02 per cent of bound phosphorus in the native state. This 
would be equivalent to 0.15 mole of phosphorus per mole of 
protein. Since an esterase assay of the reaction mixture, after 
treatment of trypsin with DFP, showed that 87 per cent 
inactivation had occurred, it may be assumed that 0.87 mole 
of DIP*® had been bound to the protein. Thus the total phos- 
phorus in 1.0 mole of DIP*®-trypsin is 0.15 + 0.87 = 1.02 moles. 
The specific activity of the DIP phosphorus was calculated as 
follows: 

1.02 


specific activity = observed c.p.m, per umole P X 087 


1.02 
7.02 X 10° X 087 = 8.26 X 10° c.p.m. per umole 
87 


of DIP-phosphorus 


The yields of radioactive peptides are given in Table II; it 
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+ A dash indicates no analysis. 
voltage ionophoresis. 


as described above. 


will be seen that the total over-all yield is 44.5 per cent. With 
the exception of the insoluble fraction, this represents the yield 
of peptides purified by high-voltage ionophoresis and paper 
chromatography. Since at least two elutions from filter paper 
are required, and since it is known that with these large peptides 
the efficiency of elution is not greater than 70 per cent, this 
would account for the over-all yield observed (70/100 X 
70/100 = 49 per cent). It may be said, therefore, that no 
major radioactive fraction remains unaccounted for. 
Composition of O-Tr-1—Since O-Tr-1 was the major radioactive 
peptide, as seen in Table II, its composition was examined by 
acid hydrolysis. The results are given in Table III. The 
peptide is seen to contain 15 amino acids, including one glutamic 
and two aspartic acid residues, two of cysteic acid and a single 
one of lysine. This preponderance of acidic residues would 
account for the acidic nature of the peptide. The peptide is 
rich in serine and glycine, containing three and four of these 
residues respectively, together with a single one of valine and 
proline. The composition of the other peptides, which are 
considerably larger, will be the subject of a later communication. 


End-groups 


N-terminus—DNP-aspartic acid was found to be the only 
constituent of the ether phase when a hydrolysate of DNP-O- 
Tr-1 was extracted in the usual way. This compound was 
identified by paper chromatography, first in the tert-amyl- 
alcohol-phthalate solvent of Blackburn and Lowther (21) and 
then in the 1.5 m sodium phosphate system (13). 0.66 mole of 
DNP-aspartic per mole of O-Tr-1 was found (Table ITT), together 
with 1 mole of e-DNP-lysine in the water phase. 

C-terminus—Attempts were made to identify the C-terminal 
amino acid of O-Tr-1 by hydrazinolysis, making use of the pro- 
cedure of Niu and Fraenkel-Conrat (22) and of the modified 
procedure of Bradbury (23); however, in neither case was an 
identifiable free amino acid released. 

By use of carboxypeptidase-B (16), it was possible to show that 
lysine could be removed from the C-terminal position of the 
peptide. The yield of lysine, however, was only 0.36 mole per 
mole of peptide. Radioautography of a high-voltage iono- 
phoretogram of the reaction mixture showed that a more nega- 
tively charged radioactive peptide than O-Tr-1 appeared 
progressively, but after 16 hours, when 0.36 equivalent of 
lysine had been released, there was, still, more residual O-Tr-1 
than the new spot. The incompleteness of the removal of the 
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TaB_eE III 
Composition of O-T'r-1* 
| : ea rag 

| ps | Cys | Glu Asp | Ser Gly | Val | Prot | Lys my R-— 

| | | | | 
—_—— | npenencoene parade ne onan j — ip  Sioereas | —- 
gmoles... 5... ; 0.107f 0.201 0.095 0.117 | 0.329 0.394 | 0.115 _- 0 0.118 | 0.071 
Residues... ... 1.0 1.89 0.89 1.10 3.10 3.70 1.08 —_ 0 | 1.10 0.66 
ee eee 0.061§ 0.124 0.065 0.126 0.171 0.266 0.078 0.041 0.058 0 | 0 
Residues 1.0 2.03 1.07 2.06 2.8 4.3 0.95 0 0 


1.28 0.67 


* There was no correction for loss of amino acids or DNP-amino acids during hydrolysis. 
t This analysis was carried out after treatment of the peptide with FDB, the fractionation of amino acids being achieved by high- 


§ This analysis was carried out by direct hydrolysis of the peptide and determination of the amino acids by paper chromatography, 
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Fig. 2. A radioautograph of a high-voltage ionophoretogram 
on which the products of the action of leucine aminopeptidase 
upon O-Tr-1 are separated. (For the conditions of the reaction, 
see the text.) 


C-terminal amino acid by carboxypeptidase may be a result of 
the instability of the enzyme, as reported by Gladner and Folk.® 
No other amino acids appeared, in accordance with the specificity 
of carboxypeptidase-B. The C-terminal position of lysine is 
clearly consistent with the isolation of O-Tr-1 from a tryptic 
hydrolysate. 


Action of Leucine Aminopeplidase upon O-Tr-1 


In Fig. 2 is shown a radioautograph of the progress of the 
aminopeptidase attack on O-Tr-1. The amount of O-Tr-1 is 
seen to decline with time, and new series of radioactive peptides 
appear. The radioactive peptides in the 48-hour and 120-hour 
aliquots were eluted and chromatographed in butanol-acetic 
acid-water, whereby free glutamic acid and aspartic acid were 


5 Later work with a chromatographically purified carboxypep- 
tidase-B (17) led to greater yields of lysine, 0.8 of an equivalent 
being obtained. 

6 On the ionophoretogram, lysine would be far separated to- 
wards the negative end of the paper, and cysteic acid well sep- 
arated in the positive direction. The neutral amino acids would 
appear slightly above AP-2, whereas glutamic acid would coin- 
cide with AP-3 and aspartic acid with AP-4. 








1378 





48 120 48 120 48 120 48 120 
HOURS 


AP-4 O-Tr-1 O 


O AP-3 


@ @-: 


Fig. 3. The purification of radioactive peptides produced dur- 
ing the action of leucine aminopeptidase upon O-Tr-1. The 
chromatographic paper was Whatman No. 3 and the solvent 
n-butanol-acetic acid-water (4:1:5). 




































































Peptide | Asp | Glu | Cysteic | Ser | Gly | Vol | Pro | Lys 4 
O-Tr-! 2 | 2 3 4 ' ' | - 
AP-4S ' ! 2 3 ” t ' ' Asp 
AP-3 ' ' 2 2 S ! ' ' Asp, Ser 
Asp, Ser 
APp- 1 4] tt 
2 1 ° 2 | cyst, Gtu 
Sequence ' 1 ' 
< i o i <Trel 
' ' ; : ontr=s DIP 
: H 
DNFB <GSP+ SER {CYS 3 GLU GLY {VAL (ASP-SER-GLY) CYS GLY2 SER PRO} LYS 
OS Sek Ae AP-2 
' H ' 
; ' te AP-A 
' AP-A 
H ‘< AP-3 
« AP-45 


Fig. 4. The amino acid composition of the radioactive peptides 
produced by the action of leucine aminopeptidase upon O-Tr-1. 
In the lower portion of the figure is the N-terminal sequence of 
O-Tr-1 as deduced from these data together with those of Fig. 5. 
The sequence, Asp.(DIP.Ser).Gly, deduced by Schaffer et al. 
(4) is also indicated, as is the C-terminal lysine group. 
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Hours 
Fic. 5. The release of free amino acids from O-Tr-1 by the 
action of leucine aminopeptidase (for conditions, see the text). 
The initial amount of O-Tr-1 present was 0.34 umoles. 
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separated from AP-3 and AP-4, respectively, and were estimated, 
The radioactive peptides are shown in a radioautograph of the 
chromatogram (Fig. 3). These radiopeptides were eluted and 
their compositions determined by acid hydrolysis and estima- 
tion of amino acids. In Fig. 4 their compositions are seen, 
clearly showing the progressive loss of amino acids, from which 
the sequence indicated in the lower part of the figure may be 
deduced. The peptide AP-A was only obtained in small quanti- 
ties, and, although its composition (not shown in Fig. 4) indicated 
the loss of a single cysteic acid but no glutamic acid, more definite 
evidence on the relative positions of cysteic and glutamic acid 
was available from a consideration of the rates of liberation of 
free amino acids. 

Of the free amino acids, lysine and cysteic acid were estimated 
directly on the high-voltage ionophoretogram, but aspartic 
and glutamic acid were coincident with AP-4 and AP-3, respee- 
tively, and were separated by elution and chromatography in 
butanol-acetic acid. The neutral amino acids were eluted from 
their position above AP-2 and separated by high-voltage iono- 
phoresis at pH 3.6 for 3.5 to 4 hours. 

In Fig. 5 the appearance of free amino acids with time is shown. 
The initial amount of O-Tr-1 was equal to 0.34 uwmoles, and no 
amino acid was released stoichiometrically; this was consistent 
with the fact that O-Tr-1 did not entirely disappear. Serine 
appeared fastest and in largest amounts, followed by aspartic 
acid, cysteic acid, glycine, and glutamic acid, in that order, 
followed by traces of valine and lysine. Since it had been 
observed that DNP-aspartic acid was the N-terminal group, 
this first appearance of serine was discrepant. However, it was 
found that the method of separation of neutral amino acids 
employed (prolonged high-voltage ionophoresis) did not dis- 
tinguish between asparagine and serine. The possibility existed, 
therefore, that the N-terminal residue was asparagine, which 
would yield DNP-aspartic acid upon application of the FDB 
method. The aspartic acid would then bea result of a deamida- 
tion of asparagine during the aminopeptidase degradation. 
Support for this view was obtained when asparagine and gluta- 
mine were incubated with the aminopeptidase preparation for 
periods of time comparable to those used in the attack on the 
peptide, and significant quantities of free aspartic and glutamic 
acids were found. Thus the release of amino acids observed 
would be consistent with the sequence Asp-NH:2.Ser.Cyst. 
Glu.Gly where the amount of serine would be anomalously 
high because asparagine was not separated from it, free aspartic 
acid appearing as the result of deamidation of asparagine either 
before or after removal of this residue from the peptide. A 
similar explanation would account for the small amount of 
glutamic acid obtained, glutamine also being unresolved from 
serine. It is clear, from other evidence, that glycine does not 
appear before glutamic acid (or glutamine) in the sequence, 
since (a) there is no loss of glycine in any of the radioactive 
peptides obtained from the aminopeptidase attack; (b) a peptide 
was obtained from the subtilisin digest with the composition 
Asp.Ser.Cyst.Glu (vide infra). 

The relatively large quantity of glycine obtained was consistent 
with the later deduction of the sequence .Gly.Gly. as occurring 
after the glutamine. 

In their studies of the action of leucine aminopeptidase on the 
A and B chains of insulin, Hill and Smith (24) have also observed 
that partial deamidation of asparagine and glutamine occurs. 
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Action of Subtilisin on O-Tr-1 


Subtilisin was chosen as a means of further degradation of 
Q-Tr-1, since there were no peptide bonds readily susceptible 
to either chymotrypsin, trypsin, or pepsin. When the peptide 
was incubated with subtilisin for 12 hours, extensive degradation 
occurred, and upon high-voltage ionophoresis at pH 3.6 for 30 
minutes at 1500 volts, the spot corresponding to O-Tr-1 was 
replaced by 12 ninhydrin-positive spots, as shown in Fig. 6. 
The peptides corresponding to the ninhydrin-stained guide 
strips were eluted and rechromatographed in butanol-acetic 
acid-water. S-5, S-9, and S-10 showed more than one peptide 
spot. Upon determining the radioactivity of the ninhydrin- 
stained spots, most of it was found in peptides S-5-B-4 and S-8, 
and small amounts were found in S-6, S-7, and S-9-B-4. The 
peptides were eluted from the butanol-acetic acid chromato- 
gram, hydrolyzed, and their amino acid composition determined, 
as shown in Table IV. 

The composition of S-// (Asp.Ser.Cyst.Glu) supports the 
N-terminal sequence found by means of aminopeptidase. This 
peptide was treated with aminopeptidase and aspartic acid and 
serine were removed from it; there remained a very acidic peptide 
which was probably Cyst.Glu. Peptides S-/ and S-2 must 
arise from the C-terminal position of O-Tr-1, since they both 
contain lysine and, since S-/ is only a dipeptide of glycine and 
lysine, it must be Gly. Lys. S-2 is a tripeptide containing serine 
in addition to glycine and lysine, and the sequence must there- 
fore be Ser.Gly.Lys. The small yield of S-2 may be accounted 
for by the large yield of free serine, indicating that the peptide 
bonds on both sides of serine are particularly susceptible to 
subtilisin, as has been found by Meedom (25). 

Peptide S-9-B-2 has the composition Val.Cyst.Ser; since it 
was not radioactive, it could not contain the serine labeled with 
DIP, nor could it come from the sequence Asp.Ser.Cyst.Glu 
at the N-terminal position; it must therefore contain the serine 
near the C-terminal position and the sequence in this region 
may be extended to (Val.Cyst)Ser.Gly.Lys. Peptide S-10 
(Val.Cyst) would also fit here. 

The radioactive peptides S-5-B-4 and S-8 differ only by a single 
cysteic acid. Both of these peptides, when treated with amino- 
peptidase, yielded glycine from the N-terminal position (Fig. 7), 
so that the cysteic acid in S-8 must be situated at the C-terminus. 
This would give us the over-all sequence as follows: 


Asp- NHe.Ser.Cy8S.Glu-N He(Asp.Ser.Glys. Pro). Val.CyS.Ser.Gly.Lys 


In order to determine the sequence around the labeled serine» 


it was necessary to subject S-8 to partial acid hydrolysis (at 37° 
for 72 hours), since there were no bonds in this peptide susceptible 
to enzymatic attack. The resulting peptides were then separated 
by high-voltage ionophoresis, and six peptides were isolated and 
hydrolyzed. Their compositions are indicated in Table V. 

Peptide A-3 places proline in the sequence Pro. Val.CyS. in 
the C-terminal region of S-8, and since the sequence around the 
labeled serine in trypsin has been shown by Schaffer et al. (4) 
to be Asp.Ser.Gly, peptides A-S and A-9 must possess the 
sequence Asp.Ser.Gly.Pro.Val. A-1, with the composition 
(Asp.Gly2), extends the sequence to Gly.Gly.Asp.Ser.Gly. 
Pro. Val., this corresponding to S-5-B-4, whereas the sequence 
of S-8 (as shown in Fig. 7) is Gly.Gly.Asp.Ser.Gly. Pro. Val. 
CyS. 


These sequences for S-6-B-4 and S-8 are consistent with the 
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DNP- 
Cysteic 
Fig. 6. A tracing of an ionophoretogram of the reaction mix- 
ture resulting from the action of subtilisin upon O-Tr-1 for 12 
hours at 25° (for conditions, see the text). The ionophoretogram 
was stained with ninhydrin and the relative radioactivities of 
the various ninhydrin-positive spots (determined as in the text) 
are indicated by the heaviness of cross hatching. 


TaBLe IV 


Composition of peptides obtained from O-Tr-1 
by subtilisin degradation 


Peptide Asp | Glu CyS | Ser Gly Val Pro Lys | Amount 
pmoles 

S-1 | 1 = 0.130 
S-2 1 1 1 0.013 
8-5-B-1 1 0.111 
8-5-B-4 1 1 3 1 1 0.060 
5-6... 1 1 2 1 1 0.020 
S-7.. 1 1 1 3 1 | 0.010 
5-8 1 1 1 3 1 1 0.070 
5-9- B- 1 1 1 | 1 l 0.006 
$-9-B-2 1 1 | 0.042 
S-9-B-3 1 1 1 2-3 1 1 0.008 
S-9-B-4. .. 1 1 2-3 1 1 0.007 
S-10-B-2. . 1 1 0.060 
S-11 Pt A Le a 1 0.200 


finding that large amounts of glycine were obtained from both 
peptides upon treatment with aminopeptidase as well as with 
the observation that carboxypeptidase-A would not liberate any 
amino acid from either peptide. This unreactivity would be 
accounted for by the C-terminal cysteic acid in S-8 and the 
penultimate position of proline in S-5-B-4. 

The N-terminal sequence previously obtained by the use of 
aminopeptidase was Asp-NH:..Ser.CyS.Glu-NH:.Gly. and 
thus the complete sequence is as indicated in Fig. 8. Pairs of 
peptides with common amino acid composition but differing 
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Fig. 7. The sequence of S-8 peptide as deduced from a consider- 
ation of the composition of peptides derived from a partial acid 
hydrolysate (12 n HCl for 72 hours at 37°) using the sequence 
Asp. (DIP.Ser).Gly proposed by Schaffer et al. (4). 


TABLE V 


Composition of peptides resulting from partial acid 
hydrolysis of S-8 











Peptide Asp | Ser Gly | Val Pro CyS 
jenens a Ee eee Ae =i | ad 
’ Vere fae | | 2 
SER SE Se ee A hae | 
AS........ . 4... 4 1 
es ace MA lag 1 1 
A Se 1 1 1 1 
Baa eivive | we 1 1 1 
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Fic. 8. The enzymatic degradation of the peptide, O-Tr-1: 
the horizontal arrows delineate the peptides obtained by degrada- 
tion with subtilisin (S) and aminopeptidase (AP). The vertical 
arrows denote the major points of cleavage by subtilisin. The 
sequence denoted by ‘‘Army”’ has been established previously 
by Schaffer et al. (4). Peptides indicated as a dashed line were 
present only in trace amounts. 


charges, containing as a common feature the DIP-labeled serine, 
have previously been observed by Schaffer et al. (27). This is 
probably a result of the removal of one or both of the isopropyl 
groups during the acid hydrolysis, thus liberating one extra 
negative charge at pH 3.6. 
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DISCUSSION 


The present work has led to the identification of a peptide 
derived from oxidized DIP*-trypsin, containing 15 amino acids 
for which a unique sequence has been deduced. The DIP-serine 
is placed at the midposition of this sequence which, therefore, 
extends seven residues in either direction along the peptide chain, 

Previous reports of the composition (5, 6) and sequence (3, 4) 
of shorter DIP-peptides derived from DIP-trypsin are in excellent 
agreement with the structure of the larger DIP-peptide presented 
herein. If the implicit assumption is made that the binding of 
DFP occurs at the active center of trypsin (1), several conclusions 
concerning the relationship between enzymic activity and 
structure may be drawn from these observations: 

1. The short-range sequence around DIP-serine, i.e. Gly. Asp. 
(DIP)Ser.Gly, seems to be common to the active sites of several 
esterases, including the hydrolytic enzymes chymotrypsin (26- 
28) and thrombin (29), and as Koshland and Erwin have recently 
shown (30), phosphoglucomutase, a transesterase of carbohy- 
drate metabolism. It should be noted that, in that latter case, 
both inorganic phosphate, during normal catalysis, and DIP-, 
after inhibition by DFP, are bound to this site. 

2. Oosterbaan et al. (31) have recently provided a more ex- 
tended sequence around the site of DIP-binding in chymotrypsin, 
namely Gly.Asp.(DIP-Ser).Gly.Gly.Pro.Leu, which differs 
from that in trypsin only in the presence of an extra glycine 
between DIP-serine and proline, and the substitution of leucine 
for valine. The great similarity between the peptides derived 
from these two enzymes would indicate that this region probably 
possesses some common function. Since the specificity of the 
two proteases is so very different, it seems clear that this sequence 
does not contain those elements of structure which determine 
specificity but may be related to the more generalized process 
of carbonyl activation occurring in ester or peptide hydrolysis. 
This view receives some support from the finding of Oosterbaan 
and van Adrichem (32) that, in chymotrypsin, acetylpeptides of 
a structure corresponding to the DIP-peptides can be isolated 
by the degradation of monoacetyl-a-chymotrypsin, which is 
known to be an intermediate in the hydrolysis of p-nitrophenyl- 
acetate, a nonspecific ester substrate (33). 

3. There is strong evidence, from a number of directions, that 
both serine and histidine are components of the active center of 
trypsin and chymotrypsin (34, 35) and probably interact in a 
very specific manner (36). There are three possible structural 
bases for this interaction: (a) serine and histidine could be 
adjacent in sequence; (b) they could be separated by three amino 
acids in the sequence -his-x-x-x-ser (or its mirror image) and 
a close interaction between them established by the folding of the 
polypeptide chain into an a-helix in this region, as has been 
suggested by Westheimer for chymotrypsin (37); (c) the two 
residues could be distant in the polypeptide backbone but 
brought close enough to interact by the tertiary folding of the 
chain (or some combination of secondary and tertiary folding). 
It seems clear, from the sequence obtained for the region around 
the site of DIP labeling in trypsin, that the first two possibilities 
are excluded, and the third, therefore, strongly indicated. The 
presence of the two cysteic acid residues close to the DIP-serine 
might indicate that in the native enzyme molecule a stabilization 
of the interaction in this region occurs by means of disulfide 
linkages. 


It is tempting to speculate on the significance of the similar- 
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ities in the sequence around the labeled serine in so many 
esterases. Two mechanistic possibilities, at least, must be 
considered: (a) that the sequence Gly. Asp.Ser.Gly. is essential 
for activity, because of a direct effect of the environment created 
by the sequence upon the reactivity of the serine; (b) that there 
is a structural significance in the preponderance of amino acids 
with small side chains. 

The first of these possibilities is rendered unlikely by the 
observation that the reactivity of the acetyl-serine in mono- 
acetyl-a-chymotrypsin is abolished, reversibly, in 8 M urea which 
is known to affect only the secondary and tertiary structure of 
the protein (38). In addition, it has been noted by Oosterbaan 
and van Adrichem (32) that the acetyl group in the series of 
acetylpeptides isolated from monoacetyl-a-chymotrypsin did 
not possess unusual lability. 

The presence of amino acids with small side chains in the 
polypeptide chain in the immediate region of the active serine 
might be expected to confer considerable steric accessibility (39) 
upon this group. This might be essential in order to facilitate a 
tertiary interaction of the serine with histidine. However, the 
presence of the cysteic acid residues separated by three and four 
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residues, respectively, from the central serine probably estab- 
lishes a rigid frame tending to stabilize the position of the active 
configuration in relation to other parts of the molecule. 

Lastly, the possibility deserves consideration that there has 
been, in the course of biochemical evolution, the archetype of 
an esterase which possessed this sequence by chance and from 
which all esterases of this group have developed by further 
evolution of structures which confer the specificity which is so 
characteristic of the esterases. 


SUMMARY 


The isolation of a pentadecapeptide containing DIP*-serine, 
from DIP®-trypsin oxidized by performic acid, followed by 
tryptic digestion, is described. Composition and amino acid 
sequence of this peptide have been determined by methods 
involving end-group analysis, enzymatic degradation, and partial 
acid hydrolysis. Rapid methods for peptide separation and 
analysis, involving high-voltage ionophoresis and paper chroma- 
tography, are described in some detail. The relation of the 
DIP-peptide to the structure of the active site of trypsin has 
been discussed. 
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Enzymatic reactions are usually discussed without regard for 
that part of the protein molecule outside the catalytic site. 
However, three types of effects are to be expected to result from 
the net charge on the protein molecule (1): (a) displacement of 
the pK values of ionizable groups in the catalytic site, (b) shifts 
in the equilibrium constants for the binding of substrate and 
buffer ions, and (c) alteration of the rate constants of steps in 
the enzymatic reaction. In order to estimate the magnitudes 
of these effects, it is necessary to have information on the net 
charge of the enzyme molecule as a function of pH. Use of the 
titration valence as determined from an acid-base titration of 
the enzyme would be expected to lead to an overestimation of 
the electrostatic effects because of neglect of the binding of ions 
in the electrolyte medium by the protein. Most enzymes are 
not available in sufficient quantity for binding studies, but the 
net charge may be estimated from the electrophoretic mobility. 
Katchalsky and Shavit (2, 3) have shown that the electrical 
potential derived from the mobility can be utilized for the evalua- 
tion of the electrostatic interaction term in the hydrogen ion 
dissociation equation for polyelectrolytes. 

The titration curves of enzymes are also of interest since they 
offer an independent means for verifying ionization constants of 
groups in the enzymatic site which are obtained from kinetic 
studies and for determining the number of enzymatic sites per 
protein molecule. The principle of this method is illustrated 
by the differential titration of hemoglobin by Wyman et al. 
(4, 5), and further equations have been derived for the interpre- 
tation of such data (6). For example, when an enzyme is titrated 
in the absence and presence of a competitive inhibitor the titra- 
tion curve will be altered if the inhibitor affects the ionization 
constants of groups in the enzymatic site (7). The ionization 
constants of these groups before and after binding of the in- 
hibitor can be determined from the shape of the differential 
titration curve, and the number of catalytic sites per molecule 
can be determined from the magnitude of the difference between 
the two titration curves. The attempt to apply this method to 
fumarase has been unsuccessful because of its very low solubility, 
but this method may be utilized for verifying the interpretation 
of the effect of pH on other enzymatic reactions. 

An electrophoretic and titration study of fumarase has been 
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carried out to provide a basis for estimating electrostatic effects 
on the enzymatic activity. Electrophoretic mobilities under 
several conditions have been reported earlier (8, 9). 


ELECTROPHORESIS 


Experimental—Crystalline fumarase was prepared according 
to Frieden et al. (9) and recrystallized two or three times. For 
the preparation of fumarase solutions a measured volume of the 
recrystallized fumarase suspension in 50 per cent ammonium 
sulfate was centrifuged at 5° and the sedimented crystals were 
gently sprayed and washed with cold distilled water. The 
washed fumarase crystals were dissolved in 4 to 6 ml. of buffer 
and dialyzed with stirring in a cellophane tube (Visking, 849 in. 
diameter) against 250 to 500 ml. of buffer for about 10 hours at 
5°. As the fumarase was found to dissolve very slowly in buffers 
having pH values near the isoelectric point, the following pro- 
cedure was used. In Series I the suspension of fumarase crys- 
tals in the buffer was stirred for 10 to 15 minutes at room tem- 
perature. In Series II, the enzyme was first dissolved in a 
cold buffer of pH further away from the isoelectric point and then 
dialyzed against a buffer of the desired pH. The solubility of 
fumarase at 0° at the isoelectric point is less than 0.03 gm./100 
ml. in buffer containing 0.09 m sodium chloride and less than 
0.10 gm. per 100 ml. in the 0.1 m Tris! acetate buffer. Outside the 
isoelectric range the solubility in the presence of salts or buffers 
increases in the order: sodium chloride, Tris acetate, sodium 
phosphate. The solubility of fumarase in the various buffers 
does not parallel the surface electric potential as judged from the 
mobilities. It was found that by using Cellophane tubes that 
had been extracted in the buffer for 24 hours previous to the 
dialysis, the deactivation of the enzyme during the dialysis 
decreased appreciably. After dialysis, the fumarase solution 
was centrifuged at 5° to remove fibrous material and in some 
cases also fumarase crystals that precipitated while the equilib- 
rium pH was being attained. 

The concentration of active fumarase was determined by 
adding t-malate and determining the steady state velocity from 
the rate of change of absorbancy in the ultraviolet. The enzyme 
solution was diluted in 0.05 m phosphate buffer, pH 7.3. To 3 
ml. of the diluted enzyme solution was added 0.5 ml. of 0.35 m 
potassium L-malate (which also contained 0.05 m phosphate 
buffer, pH 7.3) and the change in absorbancy per 10 seconds 
was measured at 250 my using a 1 cm. cuvette. The change 
in absorbancy per 10 seconds divided by 31.5 gives the number 
of milligrams of enzyme in the 3 ml. of diluted enzyme solution 


(9). 


1 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Buffer grade Tris (Sigma Chemical Company) and other 
chemicals of reagent grade were employed for the preparation of 
the buffers. Two series of buffers, both of 0.1 ionic strength, 
were prepared; (a) Tris and acetic acid, and (b) Tris and acetic 
acid containing 0.09 m sodium chloride. 

As the dissociation constant of Tris is highly temperature- 
dependent (ApK/AT = —0.005), the pH of Tris acetate buffers 
changes markedly with temperature. In order to have cor- 
respondence of the pH values with the mobility data, all the 
pH measurements were carried out at 0°. A Beckman model G 
pH meter with a general purpose glass electrode (the latter 
specially prepared with 3 feet of shielded wire) was used. The 
meter was kept at room temperature and the electrodes in the 
cold room were kept at 0° by an ice-water bath. The tempera- 
ture compensator of the pH meter was set at 25° and the pH 
scale adjusted to the reading of the pH of the standard buffer 
at 0° multiplied by the factor 273/298. The corresponding 
readings of the measured solutions were multiplied by the 
reciprocal of this factor. The pH meter was standardized with 
0.05 M potassium acid phthalate (N.B.S.) for measurements in 
the range 4 to 5.5 and with 0.025 m KH2PO,-0.025 m Nas,HPO, 
(N.B.S.) for measurements in the range 5.5 to9. The pH values 
of the equilibrium buffer and the fumarase solution after dialysis 
differed as much as 0.08. The pH values reported are those of 
the fumarase solution after dialysis. 

An electrophoresis apparatus with cylindrical lens and diagonal 
knife edge was used. Temperature of the bath was 1.65 + 
0.01°. The current was maintained constant within 0.03 per 
cent of 5 ma. with a Rubicon regulating galvanometer. An 
electrophoresis cell of 2-ml. capacity was employed with top 
electrode vessels (10). The cross-sectional area of each channel 
of the cell was determined by weighing the mercury which filled 
the channel, by measuring the height of the central section and 
correcting for the area of the openings in the ground glass plates 
(11). 

The baseline, initial boundary and 6 to 10 positions of the 
ascending and descending boundaries were photographed in 
each experiment. Enlarged tracings of the photographic 
plates were used for the determination of the centroidal ordinate. 

In experiments near the isoelectric point the solubility was 
sufficiently low so that the determination of the centroidal 
ordinate limited the accuracy. The mobility values reported 
have therefore an estimated probable error of 2 to 6 per cent 
depending on the solubility of the fumarase. The conductivity 
of the buffer and the conductivity of the fumarase solution 
(approximately 0.4 per cent) after dialysis were found to be 
the same within 0.8 per cent at pH 8.1 and pH 5.1. In all the 
other experiments, where the concentration of the protein was 
lower and the pH closer to the isoelectric point, the conductivity 
of the buffer only was measured. 

In Series I the electric field strength was about 6.5 volt cm.~! 
and in Series II about 3.0 volt cm.-! The heat dissipation was 
0.1 watt cm.-* in Series I and 0.05 watt cm.- in Series II. 

Results—In all the electrophoretic experiments a single mov- 
ing boundary, slightly asymmetrical in some, was observed. 
Typical schlieren patterns are given in Fig. 1. Since some ex- 
periments in the higher pH range were started with solutions 
containing about 40 per cent active and 60 per cent inactive 
fumarase, the formation of a single boundary is taken as an 
indication that there is no appreciable difference between the 
mobility of the active and inactive forms under these condi- 
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TRIS ACETATE pH 467 


ha 


TRIS ACETATE pH 7.23 


SOD. CHLORIDE pH 4.46 


SOD CHLORIDE pH 9.14 
R . 

Fic. 1. Schlieren patterns of fumarase moving boundaries at 
0.1 ionic strength. The field strength is about 3.0 volt em. 
for the sodium chloride medium and about 6.5 volt em.~! for the 
Tris acetate buffer. 


tions. This is also supported by experiments carried out in du- 
plicate with partially active and completely inactive fumarase. 

After dialysis for about ten hours at 5°, the concentration of 
active fumarase dropped to between 10 and 40 per cent of the 
initial value. The greater deactivation occurred at the lower 
pH values. The loss of activity during dialysis was caused 
partially by the formation of a precipitate (subsequently removed 
by centrifugation) and partially by conversion of active protein 
to inactive protein which remained soluble. 

The mobilities, u, calculated from the descending boundaries 
are given in Table I and are plotted against pH in Fig. 2. Also 
given in Fig. 2 are the following mobilities: u = —0.67  10-* 
cm. volt~! sec.~' in sodium phosphate buffer of 0.21 ionic strength 
and pH 5.63 determined in this work, mobilities in sodium phos- 
phate buffer of « = 0.21 determined by Massey (8), and a 
mobility in Tris hydrochloric acid at 4 = 0.05 and in phosphate 
pw = 0.15 determined earlier in this laboratory (9). 

There is considerable difference between the mobility curves 
for various buffers. At any pH the mobility of fumarase in 
Tris acetate is the highest, in sodium phosphate it is the lowest, 
and in the buffer containing 0.09 m sodium chloride the mobility 
has an intermediate value. 

The isoelectric points are considerably different for the different 
buffers, as may be seen from Table II. The isoelectric point for 
0.21 ionic strength phosphate buffer was evaluated by extrapo- 
lation and is not certain. 
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Fig. 2. Electrophoretic mobility of fumarase, u, in em.? volt 
sec. at 0° versus pH. Upper curve O: Tris and acetic acid, 
uw = 0.1; Middle curve @: 0.09 m sodium chloride, Tris acetate, 
uw = 0.1; Lower curve X, @: sodium phosphate, » = 0.21. Addi- 
tional experimental points: X, Massey (8); ©, Tris acetate, 
uw = 0.05, and, ® sodium phosphate, » = 0.15, Frieden, et al. (9). 
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TaBLeE I 
Electrophoretic mobility of fumarase at 0° 
Tris and acetic acid 0.10 ionic strength | 9-9 ™ St ee acetic 
pH u X 105 pH “ X 105 
cm.2/volt/sec. cm.*/volt/sec. 

4.67 +4.72 4.46 +4.63 
4.68 +4.61 4.70 +3.80 
5.06 +2.98 4.71 +3.71 
5.75 +1.46 4.96 +2.17 
6.09 +0.97 5.55 +1.02 
6.10 +0.92 5.93 +0.57 
6.73 +0.26 7.39 —0.81 
7.23 +0.045 7.42 —0.78 
7.90 —0.13 7.60 —1.25 
8.02 —0.19 8.01 —1.49 
8.13 —1.60 

8.67 —1.92 

9.14 —2.38 

TaBLe II 
Isoelectric points of fumarase 
. 0.09 mu Sodium A Y : 
Buffer Fn on posed = Mm | Tris and acetic acid 
Ionic strength... | 0.21 0.1 0.1 
Ret ae | (5.3) | 7.35 + 0.05 





Assuming that the different salts do not change the structure, 
shape or dimensions of the fumarase molecule, the dependence 
of the mobility at constant ionic strength on the nature of the 
salts present indicates specific protein-ion interactions. The 
downward shift in isoelectric point in going from acetate to 
chloride to phosphate indicates that these anions are bound to 
an increasing extent in this order. The shift of the pI to a 
lower value by substituting part of the acetate by chloride at a 
constant ionic strength of 0.1 has also been found for -lacto- 
globulin and bovine serum albumin (12). A shift of the pI of 
aldolase to a lower value upon substituting acetate by phos- 
phate has also been reported (13). 


ACID-BASE TITRATION 


Experimental—The solution to be titrated was enclosed in a 
chamber containing nitrogen at a slight positive pressure to ex- 
clude air containing CO. and NaOH-soaked filter paper to absorb 
CO.. The temperature was maintained at 25° by circulation 
of water through the hollow walls (four sides) of the titration 
chamber. The glass and calomel electrodes and the platform 
for the titration vessel could be moved independently by rack 
and pinion gears as described by Maehly (14). The vertical 
tip of a Gilmont microburet was drawn into a fine capillary to 
reduce diffusion and given a 180° bend to eliminate convection 
of acid or base from the continuously immersed tip. A glass 
tube, with its tip in the solution and the other end connected 
to a rubber bulb on the outside of the chamber, was used to stir 
the solution by gently sucking liquid in and out (14). All solu- 
tions were made using double distilled water which had been 
boiled immediately before use. The sodium hydroxide solution 
was made from metallic sodium and water, and the acid solution 
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was heated before filling the buret in order to avoid the formation 
of small air bubbles. The titration of the enzyme was carried 
out from the alkaline to the acid range (pH 10.0 to 5.0), since 
the fumarase is most stable in the alkaline range and is inacti- 
vated more rapidly at acidic pH values. (At pH 6 about 80 
per cent of the activity is lost in 14 hours.) Preliminary titra- 
tions of NaOH, phosphate, and bovine serum albumin were 
carried out to check the technique and apparatus. 

Washed fumarase crystals (40 mg.) were dissolved in about 
200 ml. of 0.1 n NaCl solution and placed in a Visking dialysis 
bag. The large volume of solution was necessary because of 
the low solubility of the enzyme (about 0.12 mg. per ml. at 
pH 6.3 in 0.1 n NaCl). The fumarase solution was dialyzed 
against one liter of 0.1 N NaCl for 3 hours under a nitrogen 
atmosphere. The dialysate was then replaced and the dialysis 
was continued overnight. The dialyzed enzyme solution was 
centrifuged in stoppered centrifuge tubes under nitrogen gas. 
The remaining enzyme solution was diluted to slightly over 200 
ml. and two separate 100-ml. portions were used in the titrations. 
The protein concentration was determined by measuring the 
absorbancy at 280 my (the absorbancy index is 0.53 for a con- 
centration of 1 mg. per ml.) (8). In each case a titration of 100 
ml. of the dialysate was made after adding the same amount of 
alakali as had been added to the enzyme solution. The same 
amount of alkali was added to the blank in case some titratable 
substance was added with the alkali. 

Results—The difference between the fumarase titration and 
the blank titration is given in Fig. 3. The ordinate is based on 
a molecular weight (9) of 220,000, and the zero titration valence 
is arbitrarily taken at pH 10, the starting point for the titration. 

The activity of the enzyme was determined at various stages 
during the experiment. After dialysis, the activity of the enzyme 
was only about 17 per cent of that expected on the basis of the 
amount of protein present. After titration, the pH was im- 
mediately increased to about 10.0 again. Assay of this solution 
gave a value of about 0.5 per cent of the expected activity. The 
gross inactivation of the enzyme during titration is to be ex- 
pected because the enzyme is very rapidly inactivated at pH 
values below 6. 

Since the kinetic data show that there are two groups per 
enzymatic site with pK equal to 7.4 (15) in 0.09 N NaCl and 0.01 
N Tris chloride at 25°, it is possible to make an estimate of the 
number of enzymatic sites per mole of fumarase from the titra- 
tion curve. The maximal number of groups per mole of fuma- 
rase with this pK value may be calculated by dividing the slope 
of the titration curve at pH 7.4 by 0.576, the contribution to the 
slope per ionizable group at its pK value (16). The actual 
number of groups may be less because of the contribution to 
the slope of groups with higher and lower pK values. The 
slope of the titration curve at pH 7.4 is 7 equivalents per pH 
unit. Therefore, there is a maximum of 7/0.576 or 12 + 2 
groups with pK 7.4. Since there are two groups per enzymatic 
site, there is a maximum of 6 + 1 catalytic sites in the fumarase 
molecule of molecular weight] 220,000. Since the fumarase 
titrated was not all active, it is assumed that the titration curves 
for both forms are the same. 

Massey? has reported that there are 47 + 4 imidazole groups 
per molecule of fumarase as determined by use of the fluoro- 
dinitrobenzene reagent, and this is consistent with the shape of 
the titration curve in the neutral region. 


? Dr. V. Massey, personal communication. 
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A differential titration of fumarase in the presence of meso- 
tartrate was attempted in view of the importance of such experi- 
ments in verifying the ionization constants of groups in the 
enzymatic site before and after binding of the inhibitor. How- 
ever, because of the low solubility of fumarase the experimental 
error was larger than the difference between the titration curves. 


DISCUSSION 


Equations 1 and 2 have been widely used (17) to estimate the 
effect of electrostatic interactions on the ionization constants of 
individual groups in a protein. 


2zw 


pK = pKy — 2.303 (1) 


Ne {1 K 

— sai ~ =) @) 
Here pKo is the value the pK would have if the net charge, z, 
of the protein molecule were zero and 2zwRT is the work re- 
quired, in addition to the intrinsic free energy of dissociation, 
to remove a proton from the molecule. In the expression for w 
which is derived from the Debye-Hiickel theory, N = 6.02 x 
108, e = 4.80 X 10°" electrostatic units, D is the dielectric 
constant, R = 8.31 < 10’ erg degree mole—, T is the absolute 
temperature, b is the radius of the spherical protein molecule, 
ais the radius of exclusion (b + 2.5A), and x is the reciprocal of 
the “thickness” of the ionic atmosphere. These equations 
are based upon the assumption of a spherical protein molecule 
with charges uniformly distributed on the surface. When the 
titration curve for a protein and data on the binding of ions from 
the electrolyte medium are available, the value of z may be 
calculated and an estimate made of the shift in pK value using 
Equation 1. A more realistic model for such calculations has 
recently been treated by Tanford and Kirkwood (18, 19). 

In the absence of data on the binding of ions by fumarase we 
have estimated the effect of electrostatic interactions from the 
magnitude of the electrophoretic mobility. The electrophoretic 
potential, Yo, of a spherical particle is related to the electro- 
phoretic mobility u (in em.* volt! sec.-!) by Equation 3 (20, 21). 


fe! Dof(xa) 


“u = "1800m7 (3) 


- D is the dielectric constant, n is the coefficient of viscosity and 


f(xa) is a function calculated by Henry (20) which is available in 
tabular form (21). When the electrophoretic potential, Wo, has 
been obtained, the electrostatic effect on pK values in the pro- 
tein may be calculated from Equation 4.3 


. a 0.4343ep 

The net charge due to ionizable groups of the protein molecule 
as well as buffer ions bound to it is obtainable from the electro- 
phoretic potential, Yo, by use of Equation 5. 


Db 1 + xa 
(i + K@ a) ” ” 


The molecular weight of pig heart fumarase of 220,000 has 


z= 


* For a discussion of the theoretical basis of this equation and 
further references, see Katchalsky and Shavit (2, 3). 
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Fic. 3. Hydrogen ion dissociation curve of fumarase in 0.1 m 
sodium chloride at 25°. 


TaBLe III 


Calculation of net charge of fumarase 








pH* u X 10° Stitr, equiv. FA 





0.09 m Sodium chloride, Tris and acetic acid, u = 0.1 








cm.2/volt/ sec. H*/mole 
5.0 +2.04 +52.2 +7.3 +0.10 
5.5 +1.08 +24.0 +3.9 +0.055 
6.0 +0.50 +11.0 +1.8 +0.025 
6.5 +0.07 +1.6 +0.25 +0.0035 
6.6 0.0 0.0 0.0 
7.0 —0.41 —4.8 —1.5 —0.021 
7.5 —1.02 -8.4 | -3.6 —0.052 
8.0 —1.51 -12.2 | -5.4 —0.077 
8.5 —1.78 —17.4 —6.4 —0.090 
9.0 —2.23 —24.4 —8.0 —0.11 
9.5 (—2.9)f —33.3 —10. —0.1 

Tris and acetic acid, « = 0.1 

5.0 | +3.25 | | +12. +0.17 
5.5 | +1.86 | +6.7 | +0.004 
6.0 +1.07 | +3.8 +0.054 
6.5 +0.47 | +1.7 +0.024 
7.0 4+6.3....4 +0.46 +0.007 
7.5 0.04 | —0.14 —0.002 
8.0 0.18 | —0.64 —0.009 


Sodium hydroxide and phosphoric acid, u» = 0.21 





a | =e ~1.9 —0.021 
6.0 | 1.21 —5.3 —0.059 
6.5 | —1.74 —7.6 —0.086 
76. —2.09 —9.1 —0.10 
7.5 | 2.31 | _ -0.11 
8.0 | 2.43 | -i1, —0.12 





* pH Values at 0° except for phosphate which are at 25°. 
t Extrapolated value. 





been calculated (22, 9, 23) from the sedimentation coefficient 
and the diffusion coefficient. The frictional ratio, f/fo, is equal 
to 1.32 which does not indicate very much elongation if the 
protein molecule is hydrated. Assuming that fumarase is 
hydrated to the extent of 20 per cent by weight, the radius of 
the spherical protein molecule would be b = 43.0 A; therefore, a = 
43.0 + 2.5 = 45.5 A. 
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Table III lists values of the mobility, u, interpolated from 
Fig. 2 and the number of protons bound in excess of those bound 
at the isoelectric point as calculated from the titration curve. 
The net charge, z, on the fumarase molecule has been calculated 
from the mobility by use of Equation 5. At a given pH, the 
net number of negative charges, which are contributed by buffer 
ions other than hydrogen ions, and which are in excess of those 
bound at the isoelectric point, is equal to ztit. — z. This caleu- 
lation can be only approximate since z is evaluated for 0° and 
Ztitr. 18 for 25°. 

The expected shift in pK values (0.4348e~0/RT) is given in 
the last column of Table III. It is of interest to find that the 
ApK values for fumarase are sufficiently small so that their 
detection in kinetic experiments below pH 9.5 would not be 
expected. This is in agreement with the experimental data (15). 
If the titration valences, Ztitr., had been taken in preference to 
calculating the net charges from the electrophoretic mobility, 
a much larger effect, kinetically detectible, would have been 
expected. Larger electrostatic effects on the pK values of groups 
involved in the catalytic mechanism would be anticipated at up = 
0.01, but in the absence of mobility data these cannot be esti- 
mated. 

The net charge on an enzyme molecule is also expected to 
exert an electrostatic effect on the rate of a reaction of the pro- 
tein with an ion. The second order rate constant for the reac- 
tion of fumarase with fumarate and L-malate ions is sufficiently 
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great (24) so that the reaction appears to be diffusion-controlled 
(25). A quantitative theory for the effect of net protein charge 
on the rate of a diffusion-controlled reaction of enzyme and 
substrate would be difficult to develop because, if there is a 
charge on the enzymatic site, nonspherically symmetric diffusion 
is involved. However, an approximate treatment has been 
used to explain this phenomenon qualitatively.‘ 


SUMMARY 


1. The electrophoretic mobilities of fumarase in two buffers 
of 0.1 ionic strength have been determined over a range of pH. 
The isoelectric point is 7.35 in 0.1 m tris(hydroxymethy])amino- 
methane acetate buffer and 6.6 in 0.01 m tris(hydroxymethy])- 
aminomethane acetate with 0.09 m sodium chloride. 

2. The acid-base titration curve of fumarase shows that there 
cannot be more than 6 catalytic sites per fumarase molecule. 
The differential titration of fumarase in the presence of a com- 
petitive inhibitor was unsuccessful because of the low solubility 
of fumarase. 

3. The electrophoretic mobilities of fumarase have been used 
to estimate the net charge per molecule as a function of pH. 
The expected effects on the pK values of ionizable groups in- 
volved in the catalytic mechanism have been calculated for 
mobility 1 = 0.1 and 0.21 and have been found to be smaller 
than could be determined from the kinetic data. This is in 
agreement with the previously obtained experimental results. 
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Kinetics of Papain Action 
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The kinetics of hydrolysis by papain of several synthetic 
substrates has been previously reported (1-3). For these com- 
pounds, the Michaelis-Menten formulation was found to be 
applicable on the assumption that ko > k. and therefore that 
K,. = ko/ki and hence ki = ko/Km where 
ky - ko 
E+S8 = aad tameaad P+E (1) 
Evidence was obtained that two specific groups of the enzyme 
molecule participate in the k; step, namely, an ionized carboxyl 
group and an un-ionized thiol group. 

A study has now been made of the hydrolysis of a typical 
ester substrate, benzoyl-L-arginine ethyl ester (BAEE)! in order 
to compare the kinetics of hydrolysis of this compound with 
the kinetics of the corresponding amide. The higher precision 
obtainable with the ester substrate has not only confirmed 
certain of the previous conclusions but has also revealed the 
existence of some anomalous data both with the ester and the 
amide caused by the presence of a minor impurity. The sig- 
nificance of the data and a proposed mechanism of action of the 
enzyme will be discussed below and in a subsequent paper (4). 


EXPERIMENTAL 


Materials—BAEE was prepared as previously described (5). 
Kinetic evidence has indicated that the compound still con- 
tained 2 to 3 per cent impurity (see below) after two recrystal- 
lizations. The substance was finally obtained pure by the 
following chromatographic procedure. An alumina column 
was prepared by suspending basic alumina (Woelm, activity 
Grade 1 for chromatographic analysis) in a solution of alcohol- 
ether (1:1). The suspension was poured into a 20 X 3-cm. 
glass column. To a solution of 4 gm. of BAEE in 20 ml. of 
ethanol were added 10 drops of bromcresol green and 10 drops 
of methyl red which served as indicators. The BAEE solution 
was applied to the column and eluted with 1:1 alcohol-ether. 
The BAEE traveled unretarded through the column as a diffuse 
blue band. Impurities remained at the top of the column as 
pink and yellow bands. The alcohol-ether eluate containing 
the BAEE was passed through a second column consisting of a 
mixture of 1:1 charcoal and Hyflo Super Cel (Johns-Mansville 


* This investigation was aided by research grants from the 
American Cancer Society and from the National Institutes of 
Health, United States Public Health Service. 

'The following abbreviations are used: BAEE, a-benzoyl-.- 
arginine ethyl ester; BAA, a-benzoyl-L-argininamide; BAL, 2,3- 
dimercaptopropanol, 


Company). After passing through the column the BAEE 
solution was colorless. The solvent was removed under re- 
duced pressure at 40°; recovery was of the order of 65 per cent. 
No ninhydrin-positive material could be detected in BAEE. 
On several paper chromatographic systems, only one Sakaguchi 
test-positive spot was observed. [a]** —17.5° (2 per cent, water) 
for BAEE hydrochloride. 

Crystalline mercuripapain was prepared from commercial, 
dried papaya latex? by the method of Kimmel and Smith (6). 

Methods—Hydrolysis of BAEE was studied at 25° and 37° 
over the pH range of 3.75 to 8.5. The rate of hydrolysis was 
estimated from the amount of base consumed while a constant 
pH was maintained during the reaction. 

A pH-stat (Radiometer type TTTla)* was used to allow 
automatic addition of NaOH, this being regulated by means of 
a magnetic valve. A proportional band setting controlled the 
opening and closing of the valve, and by this mechanism, very 
small increments of alkali could be added as the pH setting was 
approached so that precision was limited only by the mixing 
time of the reaction mixture. The apparatus and method are 
fully described by Jacobsen et al. (7). 

The electrodes used were a glass macroelectrode, Type G 
202AT, and a calomel electrode, Type K100°.*. Since no 
temperature compensator was used in these experiments, the 
electrodes were calibrated by readings with standard phthalate 
buffer at 25° in a Cambridge Instrument Company, Inc., model 
R pH apparatus. No significant differences were observed at 
25° but a correction had to be applied at 37°; this correction was 
characteristic for each glass electrode and constant over a period 
of at least 2 months. 

The reactions were performed in a 50 ml.-beaker immersed 
in a constant temperature water bath which was regulated to 
within 0.1°. An air stirrer was used for mixing. For most of 
the points measured, adequate precision was obtained at five 
substrate concentrations: 0.05, 0.04, 0.03, 0.02, and 0.01 mM. 
At the extremes of pH where K,, values were found to increase 
abruptly, duplicate determinations with substrate concentra- 
tions of 0.06, 0.05, 0.04, and 0.03 m were made. Ionic strength 
was adjusted to 0.30 with 2.5 a KCl, a concentration previously 
determined to be optimal for activity (2). pH was maintained 


2? We are indebted to Dr. Philip P. Gray of the Wallerstein 
Company, Inc., for furnishing us with this material. 

3 Radiometer, Copenhagen. 

4Glass microelectrodes were unsatisfactory. Of the three 
types tested, all were somewhat unstable at the temperature of 
hydrolysis. 
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by the instrument; no buffer was necessary over the whole pH 
range. 

The pH-stat was adjusted to pH 4.01 with 0.05 m potassium 
hydrogen phthalate at the temperature for hydrolysis. The 
liquid junction of the calomel electrode was renewed between 
successive runs to avoid poisoning by BAL.§ The beaker which 
contained substrate and KCl was placed in position and the 
contents were stirred until temperature equilibrium was reached. 
0.02 ml. of BAL (0.0095 m) was introduced and the reaction 
mixture was brought to the desired pH value by addition of 1 m 
NaOH. The desired pH value was always exceeded by 0.1 
to 1.5 pH units. 

The enzyme was then added and the time of the first burette 
reading was recorded when the pH fell to its correct value; this 
allowed time for activation of the enzyme and for mixing. 
Burette readings were recorded at 30-second intervals for 6 
minutes. The amount of enzyme added was chosen so that 
not more than 10 per cent hydrolysis would result in this in- 
terval, ensuring thereby a linear rate of hydrolysis with respect 
to time over the pH range measured. Velocities were calculated 
as moles per |. per second. ko and K,, were determined from 
initial velocities® as previously described utilizing a method of 
least squares (2). k, was calculated from the relationship 
Kn = ko/k. 

Enzyme concentration was estimated by the velocity of con- 
trol runs at pH 5.23 and 0.06 m BAEE at the temperature of 
hydrolysis. This velocity was related to the initial rate of 
hydrolysis of BAA at 38° under standard conditions, and the 
enzyme concentration was calculated from this relationship. 
A factor for converting the velocity of the control at a given 
temperature to that at 38° was obtained by measuring the 
velocities at both temperatures with the same enzyme solution. 


RESULTS 


A plot of K,, versus pH at 25° and at 37° is given in Fig. 1. 
The curves at both temperatures are smooth, continuous func- 


5 With another type of calomel electrode, K401, it was found 
that BAL was diffusing through the porous pin junction and re- 
acting with the internal column of mercury and calomel. Re- 
newing the KCl solution between each run was not feasible with 
this type of electrode. 

6 When these studies were begun, it was hoped that the inte- 
grated form of the Michaelis-Menten equation for determining 
K,, and kp values from the curve of total hydrolysis at a given sub- 
strate concentration could be used. In the integrated form (8), 
the plot of (So — S)/t against In(S)/S)/t should be linear with 
slope = —1/K~» and abscissa intercept = koe. Such a linear re- 
lationship did not obtain with BAEE except over the initial por- 
tion of the hydrolysis. Moreover, Km values, determined from 
the linear portion by extrapolation, were higher than values ob- 
tained from measurement of initial velocities and depended upon 
substrate concentration. Further investigation showed that 
there was product inhibition. Thus the rate during the first 10 
minutes of hydrolysis at pH 5.2 was reduced by 15 per cent when 
the preparation consisted of equal parts of BAEE and benzoyl- 
arginine. Product inhibition is not a serious defect in determin- 
ing initial velocities since the amount of product formed in 6 
minutes (the period used for determining initial velocities) is less 
than 10 per cent corresponding to a mazimal inhibition of only 3 
per cent on the basis of the above results. If the inhibition were 
significant, one would expect to obtain curves rather than straight 
lines for plots of hydrolysis versus time. Even at the lowest sub- 
strate concentrations, no curvature was evident, and indeed, 
within experimental error, the same values for the kinetic con- 
stants were obtained when the hydrolysis time was extended to 
10 minutes. 
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Fig. 1. Kn as a function of pH at two temperatures for the 
hydrolysis of benzoyl-.-arginine ethyl ester. 


tions over the pH range measured. The form of the curves is 
similar to that previously obtained with BAA (2) except in the 
region between pH 6.0 and 7.5. The discrepancy in this region 
will be discussed below. It should be noted that the values 
for the pH range 6.0 to 7.5 included in Fig. 1 were obtained with 
highly purified BAEE. 

Fig. 2 shows ko to be independent of pH over most of the 
range at both temperatures. The values at 25° are more pre- 
cise, probably because 37° is close to the upper limiting tempera- 
ture of the glass electrode. Of interest are the decreasing 
values of ky below pH 4.5 evident at both temperatures. Un- 
fortunately, the data in this acid pH region are not as precise 
because of enzyme instability. At pH 3.5 hydrolysis is linear 
with time only during the first 3 minutes. 

If it is assumed that the curve for ko as a function of pH is 
that of a partial titration curve, an approximate pK’ can be 
calculated from the pH at half of the maximal kp value. At 
37° the pK’ value is approximately 3.7, and at 25° it is approxi- 
mately 3.5. 

On the assumption that K,, = ko/ki (2, 3), values for k, can 
be computed. Fig. 3 shows these calculated values of kh; as a 
function of pH on the basis that maximal values are equal to 100 
at both temperatures. In absolute terms, the maximal k; value 
at 37° is 1.7 times that at 25°. It is evident that both limbs of 
the curves resemble titration curves, and theoretical titration 
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Fig. 2. ko as a function of pH for the hydrolysis of benzoyl- 
L-arginine ethyl ester. 
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Fic. 3. Calculated values of k; as a function of pH for hydroly- 
sis of benzoyl-L-arginine ethyl ester at 25° and 37°. The curves 
drawn are theoretical as calculated from the mass-law equation 
for single, titratable groups. Values of k; are given in terms of 
the maxima being equal to 100 in order to compare the data at the 
two temperatures. The maximal average value for k; at 37° is 
660 mole“! sec.-!; at 25°, the average k, at the maximal is 390 
mole! sec.-?, 


curves have been drawn through the data. It is striking to 
find that the curves drawn are essentially identical with those 
previously obtained for the hydrolysis of carbobenzoxy-1- 
histidinamide and hippurylamide (3) and similar to the curve 
obtained with BAA (2). 

On the acid side, it was found that, as with other substrates 
of papain, temperature has little effect on the pK’ value of the 
group titrated, and again the conclusion that an ionized car- 
boxyl group is involved in determining k, is warranted (2, 3). 
From the shift in pK’ with temperature of the alkaline limb of 
the k; data, the apparent heat of ionization is 5.1 kilocalories 
per mole at 0°, a figure in reasonable agreement with the values 
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obtained earlier (3) and within the range for that of sulfhydryl 
groups (9). 

Comparison of the pK,’ values (acidic limb) with earlier data 
(Table II of reference (3)) shows that these are similar for all 
substrates studied. The value found is 4.3 for BAEE and carbo- 
benzoxyhistidinamide, the substrates for which the most pre- 
cise data are available. Moreover, with both of these substrates 
pK,’ is independent of temperature. 

The pK,’ values of the substrates are noticeably temperature- 
dependent. For comparative purposes, the only common 
temperature is 38°, and for BAEE and the 4 substrates studied 
earlier (2, 3), all of the values are in the range of 8.0 to 8.2. 

Anomalous Data—It was mentioned above that BAEE which 
has been recrystallized twice still contains an impurity as judged 
in terms of anomalous kinetic data in the region of pH 6.0 to 
7.5 at 37°. This is reflected in a distortion of the curves re- 
lating Kn, ko, and k, to pH in this region. Since no similar 
effect was noticed in the data at 25°, it is likely that the degree 
of distortion is related to enzyme concentration which, relative 
to substrate concentration, is considerably lower at 37° than at 
25°. Since the effect is limited to a narrow pH region, it is 
possible that the interfering impurity contains an ionizable 
group. 

In Fig. 4 the data on the effect of pH on ki, ko, and K,, at 37° 
are shown; these are the same as those given in Figs. 1, 2, and 3, 
except that, in the pH range from 6.0 to 7.0, only values ob- 
tained with impure BAEE as substrate are included. Repeti- 
tion of determinations at points outside this critical pH region 
with purified substrate gave excellent reproduction of values. 

A of Fig. 4 shows that maximal inhibition of k; occurs near 
pH 6.5, the lowest point corresponding to an apparent inhibition 
of the order of 25 per cent. That the points are lowered by the 
presence of an impurity was established by repeated recrystalli- 
zation of the substrate which progressively raised the points 
until they approximated the theoretical curve. BAEE pu- 
rified by the chromatographic method described in an earlier 
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Fic. 4. Results obtained with impure BAEE at 37° in comparison with data previously found by Stockell and Smith (2) with BAA. 


(A) k; as a function of pH; the solid curve shows results with purified BAEE. 


pH. The continuous line shows results with purified BAEEF. 


(B) ko as a function of pH. (C) Km as a function of 
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section also gave points that fell on the theoretical curve and 
afforded better recovery of substrate. 

If all values for k; in the pH region of 5 to 7.5 are averaged, 
as was the procedure in plotting the results of ki versus pH for 
BAA (2), a flat-topped curve is obtained, as is shown in Fig. 5. 
It agrees very closely with the data, also given in Fig. 5, pre- 
viously reported for BAA. Since the distortion apparent in 
the k, curve was caused by an impurity in BAEE, and since 
the k, curve of BAA shows exactly the same type of distortion, 
it can be concluded that the same or a similar impurity was 
present in BAA also. Such a supposition is very likely in view 
of the fact that the amide is prepared from the ester. 

The effect of the impurity on ko is shown in B of Fig. 4. Here 
again the data represent points obtained with impure BAEE, 
and the data of Stockell and Smith (2) on BAA are included for 
comparison. The similarity of the curves is evident. In this 
case, purification of substrate resulted in a lowering of the points 
in the critical pH region until they approached the curve drawn. 

Finally, the anomalous behavior with impure BAEE is shown 
by increased values of K,, with a maximal at pH 6.5 (C of 
Fig. 4). The data are essentially the same as those obtained 
with BAA. Once again, purification of substrate lowered the 
values until they approximated the smooth curve drawn, as 
would be expected since k; values are obtained from the re- 
lationship, ki = ko/Km. 

Attempts to concentrate the small amount of impurity present 
in BAER, after separation on alumina as described above, have 
indicated that the substance gives a positive ninhydrin reaction. 
The nature of this compound has not been established but it 
appears to behave like arginine ethyl ester hydrochloride. If 
such proves to be the case, it is likely that the anomalous kinet- 
ics is produced because of the occurrence of transfer reactions. 
It has been established that papain will catalyze such reactions 
with high efficiency in the presence of compounds containing 
free amino groups and will lead to formation of new derivatives 
including polymers (10-12). Presumably this will result in 
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Fia. 5. Comparison of data for effect of pH on k,; for impure 
BAEE and those previously obtained with BAA (2) when an ap- 
parent average maximal is obtained by averaging all values for 
k, between pH 4.8 and 7.5. It is apparent that the flat-topped 
curve obtained is anomalous in comparison with the findings for 
pure BAEE at 37° as shown in Fig. 3. 
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the observed effects, namely, an apparent increase in kp and 
decrease in k, in the critical region where the amino compound 
acts as an acceptor. 


DISCUSSION 


The data for the kinetics of hydrolysis of BAEE afford addi- 
tional evidence of the validity of most of the conclusions pub- 





lished earlier (2, 3). The fact that substrates, which differ 
not only with respect to the amino acid residue (arginine, his- 
tidine, glycine, and glycyl-glycine) but also with respect to the 
nature of the susceptible bond (amide or ester), show the same 
general behavior, indicates that the reaction mechanism must 
be identical in all cases. 

In a consideration of possible mechanisms, the first feature 
to be noted is that positively charged substrates are hydrolysed 
by far the most readily and that substrates which bear a nega- 
tive charge, such as carbobenzoxyglycylglycine, show inhibition 
of hydrolysis in pH regions where this negative charge is effec- 
tive; these considerations are discussed more fully elsewhere 
(3, 12). It is therefore proposed that interaction occurs initially 
between substrate and enzyme at least in part by attraction of 


oppositely charged groups and that the enzyme bears a negative | 


charge which is responsible for this effect (3, 12). 

The similarity of the curves obtained for k, as a function of 
pH for neutral (hippurylamide) or basic substrates (BAEE, 
BAA, and carbobenzoxyhistidinamide) is of even greater sig- 
nificance. Although the absolute order of magnitude for hk, 
differs greatly with these substrates, the form of the curves, 
excluding the anomalies discussed above, shows the same general 
features; the main point is that two titratable groups, an ionized 
carboxyl and an un-ionized thiol group, are essential in the 
enzyme. 

From the data presented above for the hydrolysis of BAEE, 
it is evident that over most of the measured range, ko is inde- 
pendent of pH. These findings clearly exclude the participation 
of hydrogen ion or hydroxyl ion as rate-limiting factors in the 
reaction step governed by ko. Moreover, the decrease in ko 
below pH 4.5 indicates the participation of a titratable group 
in the ko step. The approximate pK’ value of 3.5 to 3.7 and 
the apparent lack of temperature effect on this value suggest 
that a carboxyl group is involved and that this group must be 
ionized in order to obtain maximal ky. The data obtained with 
BAA at 38° show the same characteristics of pH independence 
over most of the range and a decrease below pH 4.0. The peak 
at pH 6.5 is almost certainly the result of an artifact, as in the 
case of impure BAEE. 

It is of interest to note, with respect to the ko data of BAA, 
that Stockell and Smith (2) found it necessary to postulate 
more than one reaction step to explain the anomalous behavior 
at different temperatures and changes in dielectric constant. 
They reported (a) a shift in pH optimum of ky at different tem- 
peratures, (b) deviations from linearity of plots in (ko/T’) against 
1/T at 5°, and (c) lack of a consistent effect of changes in di- 
electric constant on ko under various conditions. Stockell and 
Smith (2) assumed that two different steps were involved, 
steps influenced differently by pH and temperature, and that 
the slower one became rate-limiting under given conditions. 
It should be noted that certain of the earlier results with BAA 
can now be explained equally well by assuming the presence of 
an impurity of which the influence on the kinetics is affected by 
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both pH and temperature, as in the present studies with BAEE. 
In particular, it now appears that at least part of the anomalous 
findings is the result of a minor impurity, and that part is at- 
tributable to inactivation of the enzyme at very alkaline pH 
values, particularly at high temperatures. It thus appears 
that the effect of pH on ko and k, for the hydrolysis of BAA 
should be the same as for the hydrolysis of pure BAEE. 

It has already been noted (3) that there is a definite relation- 
ship between the magnitude of ky and k, for different substrates. 
The absolute values for these constants are very similar for 
BAEE and BAA. Hence, the ester substrate falls into line 
with other compounds studied. Inasmuch as an ionized car- 
boxyl group of the enzyme is involved in both ko and ki, and 
the two velocity constants are clearly related, it is evident that 
the same carboxyl group is probably involved in both the forma- 
tion and breakdown of the intermediate enzyme-substrate 
complex. 

Clarification of the effect of pH on k; and on ko has now aided 
in the development of a more consistent picture of the reaction 
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mechanism and the nature of the active site of papain. These 
views are developed in another paper (4). 


SUMMARY 


The kinetics of hydrolysis of benzoyl-.-arginine ethyl ester 
by crystalline papain has been investigated at 25° and 37°. 
As has been found in earlier experiments with synthetic amide 
substrates, a temperature-insensitive, ionized carboxyl group 
(pK’ 4.3) and an un-ionized, temperature-dependent sulf- 
hydryl group (pK’ = 8.0 at 37°) participate in the initial rate- 
limiting step governed by k,. The characteristics of the kp 
data suggest participation of an ionized carboxyl group in this 
reaction step also. The fact that a relationship exists between 
the two velocity constants suggests that the same carboxyl 
group is involved in both formation and breakdown of the 
enzyme-substrate complex. 


Acknowledgment—We are indebted to Dr. J. R. Kimmel for 
his help and advice in this study. 
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Several years ago it was proposed that the thiol group of 
papain functions in its enzyme-catalyzed reactions through the 
formation of an intermediary thiol ester (1). Thus, with a 
substrate such as benzoyl-L-argininamide, it was assumed that 
the benzoylarginyl moiety is linked to the SH group of the en- 
zyme (£), as in the structure R—C—S—E. Formation of such 


an acyl intermediate is consistent with the known substrate 
specificity of this enzyme (1, 2) and the essential nature of its 
thiol group. One of the findings which indicates that a common 
intermediate exists is the fact that the over-all rate of hydrolysis 
of benzoylargininamide and of similar ester derivatives is cata- 
lyzed at approximately the same velocity (2). The only com- 
mon intermediate which appears to be possible is a thiol ester 
(1, 2), previously proposed by Racker (3) as an intermediate 
in the action of glyoxalase. Unless a common intermediate is 
formed, it appears to be impossible to explain the similarity in 
rate of hydrolysis of an amide and an ester by papain in view of 
the marked difference of free energy of activation of such com- 
pounds. The situation with papain is thus in marked contrast 
to that which obtains with such proteolytic enzymes as trypsin, 
chymotrypsin, and carboxypeptidase, in which the rate of ester 
hydrolysis is several orders of magnitude greater than that of 
corresponding amide or peptide derivatives (4). Essentially 
similar conclusions were reached independently by Gutfreund 
(5) for the enzyme ficin, which greatly resembles papain in its 
kinetic behavior, substrate specificity, and other properties. 
Aithough the concept of intermediary thiol ester formation 
explains in a satisfactory manner the nature of one intermediate 


in the over-all, enzyme-catalyzed reaction, there are a number ° 


of problems which have arisen which indicate that modification 
of earlier views is necessary. From a number of considerations 
it would appear that the reactive group in the enzyme is not an 
ordinary thiol group, but one which is thermodynamically at a 
higher enerzy state, which is also kinetically more reactive, and 
which possesses somewhat different chemical properties. Some 
of these considerations will be mentioned first and then de- 
veloped subsequently. 

1. A major problem is the fact that the susceptible bond of 
an acylamino acid amide, ester, or peptide derivative involves a 
free energy of hydrolysis which is probably no more than 1000 to 


* The investigations on papain in this laboratory have been 
aided by research grants from the National Institutes of Health, 
United States Public Health Service, the American Cancer Society 
and the Rockefeller Foundation. 


2000 calories (6). In contrast, the free energy of formation of 
thiol esters is very much greater and for acetyl-CoA is generally 
taken to be of the order of 10,000 to 12,000 calories (7). If an 
intermediary thiol ester is formed, it is difficult to understand 
how the free energy of the susceptible substrate bond can be 
raised to the higher energy level involved in formation of a thiol 
ester from a free thiol group. Although it was first assumed that 
the amount of thiol ester formed might be only very small be- 
cause of the unfavorable equilibrium, and that the reaction is 
pulled to completion by rapid product formation, it does not 
appear that these assumptions can explain the over-all rapid rate 
of hydrolysis, or the very high efficiency of papain as a transferase 
which has been demonstrated by Durell and Fruton (8). 

2. Studies by Boyer (9) have shown that when CMB! reacts 
with a thiol group, there is a strong increase in absorption at 
255 mu: This has permitted spectrophotometric studies of the 
rate of reaction of thiol groups with this mercurial. With some 
proteins like 6-lactoglobulin (9), lactic dehydrogenase (10), and 
others, the course of the reaction is bimolecular and appears to 
require. approximately 30 to 60 minutes for completion at room 
temperature. In contrast, Finkle and Smith (11) found that 
the reaction of papain with CMB is exceedingly rapid and is 
essentially complete in 2 or 3 minutes. 

3. In contrast to free thiol groups, the active group of papain 
does not react with nitroprusside or porphyrindin, observations 
first recorded by Balls and Lineweaver (12). However, native 
papain reacts with iodoacetamide (11, 12) or CMB (1, 11), both 
of which inhibit the enzyme. 

4. Kinetic studies with papain (2) indicate that in the Michae- 
lis-Menten formulation, k, = ko/Km, according to the usual 
scheme as follows: 

teem 





»~E+P 


Studies with several synthetic substrates have shown that k; is 
markedly dependent on pH and that with most substrates a 
bell-shaped curve is obtained with a maximum near pH 6. 
The descending limbs of the curve are closely fitted by ordinary 
titration curves. The more acidic portion has an apparent pK’ 
value of 4.3 which is not significantly influenced by temperature. 
This suggests that a carboxylate group is involved in the initial 
enzyme-substrate interaction. Although it was first believed 
that the carboxylate ion is involved in an electrostatic interaction 


The abbreviation used is: CMB, p-chloromercuribenzoate. 
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with the side chain of the substrate (1, 2), the fact that the same 
curve is found with neutral (13) as well as cationic substrates 
suggests that another explanation is necessary. The more 
alkaline limb of the k, curve has a pK’ value of approximately 
8.0 to 8.2 at 38°, and this value is markedly influenced by tem- 
perature, with a heat of ionization of approximately +5000 to 
6000 calories (13, 14). The evidence indicates that this repre- 
sents the ionization of a thiol group which participates in the 
formation of ZS. Other groupings present in papain which 
have positive AH® values cannot be involved for reasons which 
have been discussed elsewhere (13). 


Nature of Active Site of Papain 


In order to explain the above four points, as well as others 
to be discussed, it seems to be necessary to make two fundamen- 
tal assumptions; both are essential in order to formulate a reason- 
able account of the nature of the active site of this enzyme and 
its mechanism of action. 

The first assumption is that a free thiol group as such is not 
present in the active enzyme. Instead, it is proposed that papain 
contains a “high-energy”’ bond of the type of a thiol ester within 
the molecule, this bond involving both the un-ionized SH group 
indispensable for the k, step and the carboxylate ion which also 
participates in this step. Although other possible bonds may 
be invoked involving the SH and COO-, the bond will be called 
a thiol ester for simplicity but with the recognition that other, 
energetically similar structures can be written. The second 
assumption necessary is that the thiol ester is formed and main- 
tained through the energy derived from the favorable, folded 
configuration of the native enzyme. 

Alternatively, instead of a thiol ester, it might be postulated 
that the active site involves a strong hydrogen-bonding between 
the thiol and a carboxylate ion, as in —SH- ---OOC—, this 
bonding being formed and maintained by the folding energy of 
the protein (15). This view would fit many of the facts reason- 
ably well, provided that such a hydrogen bond is energetically 
equivalent to a thiol ester. The major objection to this view 
is that such strong hydrogen bonds involving an —SH group 
are unknown and appear to be rather unlikely. 

On these assumptions, the above problems, as well as others, 
can be readily explained. Thus, the thiol ester of the enzyme 
may be expected to be thermodynamically in a high energy state 
and kinetically rather reactive. The initial step governed by ky, 
would then involve a transfer reaction in which the internal 
thiol ester is displaced through formation of a thiol ester with 
the acyl portion of the substrate; liberating the grouping orig- 
inally attached. In Fig. 1, the substrate is schematically in- 
dicated as an acylamino acid amide. 

It is known that the major specificity of papain involves the 
acylamino acid which possesses the carbonyl group of the sus- 
ceptible bond (16); the other portion of the substrate is much 


‘one Spr ~ “ore 
Ss—cC k, S ~OOCc ko s=—C 
1 _—_— _ i] 

0 +H50 ‘ 
R-C—NHo ~ +NH%4 RCOO™ 

il 0 

0 

Fig. 1. A proposed reaction mechanism for the hydrolysis of an 


acylamino acid amide (or ester, ete.) by papain in which the active 
site is considered to consist of a preformed thiol ester. 
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less specific. Papain has been demonstrated to catalyze the 
hydrolysis, transfer, or formation of peptides, amides, oxygen 
esters, thiol esters, hydrazides, hydroxamates, anilides, ete. (16). 
The mechanism shown in Fig. 1 postulates an attack by the 
enzyme on the carbon of the acyl carbony] group of the substrate 
which readily explains the relative lack of specificity of the 
enzyme towards the other moiety of the substrate. The second 
enzymic step shown in Fig. 1 then represents a reverse transfer 
reaction in which the liberated ionized carboxyl group of the 
enzyme attacks the external thiol ester, resulting in liberation of 
the acylamino acid and reformation of the internal thiol ester. 

Let us now consider what is known concerning the properties 
of the reaction steps governed by the velocity constants, k, and 
ko. 
Nature of k:i—As noted above, k,; is markedly influenced by 
pH. If it is assumed that optimal formation of the internal 
thiol ester coincides with the pH optimum of the k; step, it is 
evident that the thiol ester is reversibly opened by attack of a 
hydrogen ion or removal of a hydrogen ion (attack of hydroxyl 
ion). Thus the carboxylate titration with its pK’ value of 4.3 
represents addition of hydrogen ion, and the thiol group with a 
pK’ of 8.0 to 8.2 at 38° represents formation of RS-. Reforma- 
tion of the thiol ester by adjustment to the optimal k, value 
near pH 6.3 must then be assumed to be attributable to the fold- 
ing energy of the protein as mentioned above. 

It is noteworthy that the ions of water must enter into the k, 
step (Fig. 1) and in accord with this view are the previous find- 
ings that a decrease in dielectric constant strongly influences 
k, (2). Moreover, earlier data (2) show that D.O has no effect 
on ky but does lower K,,, indicating a significant increase in k, 
since k; = ko/K,. The calculated increase in k, at pH 5.2 is 
about 70 per cent at 38° and 35 per cent at 5°, when results in 
H.O are compared with those in 99+ per cent DO. The in- 
creased velocity constants are to be expected in terms of the 
greater mass and energy of the ions of D.O and the order of 
magnitude of the increased rate in D,O is similar to that found 
experimentally for many acid- or base-catalyzed hydrolyses of 
esters and amides (17). 

Nature of ky—According to the scheme of Fig. 1, the ky step 
involves attack by the liberated carboxylate ion of the enzyme 
on the sulfur atom, its proximity to the sulfur atom being main- 
tained by the folding energy of the protein. In effect, the inter- 
nal thiol ester would then be reformed, liberating the acylamino 
acid by a displacement reaction. It can be inferred that car- 
boxylate ion is an efficient attacking agent of thiol esters since 
succinyl-CoA is more stable at pH 1 at which level carboxyl 
ionization is suppressed that at neutrality (18). The greater 
stability at acid pH would thus be attributable to suppression 
of the ionization of the carboxyl group. Acetyl-CoA, which 
lacks a free carboxyl group, does not manifest this pronounced 
instability at neutral pH values. Thus, the postulated reaction 
mechanism of papain is in accord with this known property of 
thiol esters. 

The effect of pH on ko for the hydrolysis of benzoyl-t-arginine 
ethyl ester (and presumably also the amide) (14), shows that ko 
is independent of pH throughout the neutral range, and thus 
any role of hydrogen or hydroxy! ions as rate-limiting factors in 
this reaction step is ruled out. Moreover, as mentioned above, 
substitution of D,O for H,0 has no effect on the magnitude of ko. 

The effect of pH on kp for the above substrates indicates that 
the magnitude of this velocity constant depends on an ionized 
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carboxyl group with an apparent pK’ of 3.6 (14), in accord with 
the postulated mechanism. The difference between the value 
for the effect on ko (pK’ of 3.6) and that found for the acid titra- 
tion limb of the k; step (pK’ of 4.3) can be readily explained. 
In one case, the carboxylate ion is free and acts as an attacking 
group and, in the other case, it is being liberated from a thiol 
ester in which the linkage to the sulfur atom would be expected 
to have a profound effect on the ionization constant of the group. 

The effect of pH on ko for the hydrolysis of carbobenzoxy- 
glycylglycine shows that, within the large experimental error of 
the determinations for this rather poor substrate, ko is essentially 
constant between pH 4.7 and 7.7 (13); this is in accord with the 
findings for benzoylarginine ethyl ester and the corresponding 
amide. In contrast to this are the findings with carbobenzoxy- 
L-histidinamide (13). With this substrate, ko increases rapidly 
between pH 5 and 6.5 to 7.0, the limit of currently available data 
(13). It seems that with this substrate, the presence of the 
cationic imidazolium group of the substrate inhibits attack by 
carboxylate ion, and that by removing the positive charge, the 
rate of this step is greatly accelerated. 

It is noteworthy that in regard to the same reaction step with 
ficin, Gutfreund (19) notes on the basis of unpublished evidence 
that “the effect of pH, temperature, and solvent composition. . . 
{indicates] that an ionized carboxy! group controls its rate.”’ 

Relationship of k, and ko—The postulated reaction scheme, 
shown in Fig. 1, indicates that both rate-limiting steps involve 
transfer reactions, the one governed by k,; which involves for- 
mation of an external thiol ester from an intraenzymic one, and 
that governed by ko which represents the reverse transfer. Thus, 
energetically there is no net change and the u *rmodynamic 
problem which arises by assuming a free thiol group in ‘e enzyme 
is avoided. Inasmuch as both reaction steps of the sc: ‘me are 
similar in character as transfer reactions, it is noteworth that 
the rate constants of the two reactions are related to one anc er. 
It has already been reported (13) that for several different » »- 
strates the constants, k; and ko, are proportional to one anoth. 
It is evident that the nature of the R group in the substra 
determines the relative rate of reaction with enzyme (k, step) 
and that the R group similarly influences the rate of the product- 
liberating ko step. Presumably, this effect of the R group cannot 
be the result of its binding affinity for other portions of the 
enzyme, because although this would enhance the k, step, it 
might be expected to diminish the ky step and thus slow down 
product liberation. It is more likely that it is attributable to a 
similar effect of R on the bond strength of the RC—NH, linkage 


O 
of the substrate and the RC—S— linkage with the enzyme. 


| 


O 

Regardless of interpretation, the relationship between ko and 
k, shows that the two steps are related. If these two consecutive 
reactions were of different chemical character, there should be no 
quantitative correlation between them. It is of interest that a 
similar relationship between ko and k; was also found for the 
action of carboxypeptidase on different substrates (20), a finding 
which suggests that the phenomenon may be a fairly general one. 

It should be emphasized that the scheme shown in Fig. 1 
makes no attempt to show all the factors or steps involved in 
papain action. Only the two rate-limiting steps governed by 
the rate constants, k, and ko, have been discussed. In particular, 


Active Site of Papain 
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the interaction of the R group of the substrate with the enzyme 
is of great importance but its consideration is not pertinent to 
the present discussion. 

Chemical Properties of Active Site—As already noted, active 
papain does not react with nitroprusside or porphyrindin. 
Indeed, it has long been known that many of the so called thiol 
groups of proteins are unreactive with certain reagents. These 
have usually been called “buried” or “masked” SH groups (21). 
This terminology has been, perhaps, a euphemistic way of saying 
that these groups do not react, but it has provided no clear 
chemical explanation as to why they do not react. Inasmuch 
as the “active thiol” of papain does react with mercury, mer- 
curials, other heavy metal ions, iodoacetamide, and most im- 
portant, with substrates, it is evident that the active group is 
highly reactive rather than “buried.” Moreover, as already 
noted, the reaction of CMB with the active site of papain is 
far more rapid than with thiol groups of some proteins. Again, 
the properties of the “active thiol” of papain are more readily 
explained as attributable to those of a thiol ester rather than 
those of a free thiol. The reaction of the active group of papain 
with mercurials or mercury is readily explained since it is known 
that thiol esters are rapidly cleaved by these agents (22, 23). 
Reactivation of papain inhibited by reaction with mercury or a 
mercurial would thus be the result of combination of the inhibi- 
tor and an added thiol compound, followed by reformation of 
the thiol ester through the folding energy of the protein. 

It is noteworthy that in the early studies with urease, Heller- 
man et al. (24) noted the presence of thiol groups which could 
react with nitroprusside and porphyrindin but which did not 
influence activity of the enzyme, and of groups which reacted 
with CMB and produced inactivation of the enzyme. 

It has been reported (11) that the proteolytic activity of 
different preparations of native, crystalline papain is directly 
proportional to the degree of reactivity with CMB as estimated 
spectrophotometrically. Moreover, the papain slowly loses both 
proteolytic activity and reactivity with CMB on standing. 
Recently, Simpson and Saroff (25) have reported a decrease in 
the sulfhydryl titer of serum albumin on standing as estimated 
by titration with methylmercuric iodide. As in the case of 
papain, less than one SH group per mole of protein is always 
found. The results with both papain and albumin suggest that 
loss of SH reactive with a mercurial involves the opening of a 
preformed thiol ester and that the accompanying rearrangement 
of the protein leads to bonding of the thiol to another grouping 
of the protein. 

One feature of the behavior of papain which has long been 
discussed is the nature of the chemical grouping of inactive 
papain and the activation produced by thiol compounds (see 
review by Kimmel and Smith (16)). The theory of simple 
reduction of a disulfide to a thiol cannot be valid for many 
reasons, most important of which is the presence of less than 
one group reactive with CMB in the active enzyme. This 
excludes the possibility of formation of an internal disulfide 
bond, as first supposed (26). Also, since inactive, activatable 
papain can exist in monomeric form (26), the occurrence of 
intermolecular disulfide bonds is excluded. (A similar con- 
clusion has been reached in the case of B-amylase (27).) This 
suggests that inactive papain exists in an oxidized form, cor- 
responding perhaps to the “sulfenic” state (28, 29). Activation 
would then represent reduction to the thiol and reformation of 
the internal thiol ester. The lability of the active site of papain 
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and ficin to oxidation by molecular oxygen in aqueous solution 
(11, 30) would seem to be greater than that found in low molecu- 
lar weight thiol esters. 

From the above discussion, it appears that in order to explain 
the over-all properties of papain as an enzyme, it is necessary to 
postulate the presence of a preformed internal thiol ester. In 
general, it is difficult to see any explanation of enzyme reactivity 
in terms of an ordinary thiol at the active site, in the case of 
papain or other thiol enzymes. The main characteristics of 
enzymes involve their rapid reactivity and their ability to form 
substituted intermediates. Thus from the kinetic, thermo- 
dynamic, and chemical points of view, it is more likely that the 
active site of papain (and of other so called “thiol enzymes’’) in- 
volves a preformed thiol ester rather than a thiol group per se. 
Undoubtedly, many of the “buried’’ SH groups of proteins 
represent covalently bound groups of this sort Whether they 
are highly reactive as is the active group of papain or sluggish 
as are the other “thiol groups’’ of papain and other proteins 
which are made chemically available by denaturation undoubt- 
edly depends on the nature of the surrounding protein structure 
(see below). 

During the past years several important generalizations 
regarding enzymes as proteins have been formulated. One is 
that intact primary protein structure is not essential for mainte- 
nance of enzymic activity Thus, amino acids can be removed 
or fragments have been shown to be active in the case of a 
number of enzymes, e.g. pepsin (31), papain (32), ribonuclease 
(33), and enolase (34). Nevertheless, in no case has it been 
shown that the folded structure of the protein is dispensable. 
To the best of our present knowledge, every enzyme loses ac- 
tivity on denaturation whether by heat, by reaction with hy- 
drogen-bonding reagents such as urea and guanidine, or by 
other procedures. Thus, the folded tertiary structure of proteins 
is essential for enzymic activity. 

We should like to propose that, in all cases, the folded struc- 
ture is needed in order to maintain as part of the active site 
of the enzyme a “high-energy,” kinetically reactive bond, such as 
the thiol ester structure in the case of papain and other “‘thiol 
enzymes,” and similar structures in the instance of other en- 
zymes. It is only by such assumptions that it currently seems 
possible to explain (a) the thermodynamics of the formation 
of enzyme-substrate intermediates, (b) the kinetic reactivity, 
(c) the nature of “buried’’ groups (e.g. thiol, imidazole, and 
phenol), and (d) the essential nature of the folded structure of 
enzymes, as shown by loss of activity on denaturation. 


“High-energy”? Covalent Bonds of Enzymes 


Present knowledge indicates that all the constituent amino 
acids of most proteins have been discovered, and for many 
enzymes the analytical data account for the total weight and 
nitrogen content of these proteins. Thus the effective side 
chains or R groups of the proteins are known, and it is in terms 
of these groupings that explanations must be sought of enzyme 
activity, particularly, but certainly not exclusively, for those 
enzymes which do not contain or require cofactors, prosthetic 
groups, metal ions, and others. In general, the side chains of 
the amino acids or polypeptides are not highly active as catalysts, 
and rate studies with model compounds show that these do not 
approach the orders of magnitude of catalytic rate obtained with 
enzymes. For this reason, in addition to the others already 
noted, it seems necessary to postulate the existence of highly 
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reactive covalent bonds involving amino acid side chains in 
enzymes. 

The one type of reactive bond already discussed, namely 
the thiol ester, can serve as a model for a general working hy- 
pothesis. It is certain, considering the known side chains of 
amino acids and the work of many investigators, that the imidaz- 
ole group of histidine plays an important role in many enzymes. 
Indeed, Gutfreund (19), Cunningham (35), and Neurath and 
Dixon (36), have proposed that a histidine-serine interaction is 
involved in the active site of chymotrypsin, with the un-ionized 
imidazole playing the role of the catalytic group. The serine 
interaction has been suggested to explain the substitution 
of the hydroxyl group of this amino acid during reaction with 
compounds such as diisopropylphosphofluoridate in the case of 
trypsin, chymotrypsin, and choline esterases (36). However, 
from the viewpoint expressed above, there is another possibility 
for the structure involved in the active site of chymotrypsin 
and similar “imidazole enzymes,” since it is questionable whether 
a “high-energy” bond will be formed between serine and histi- 
dine. This alternative possibility is that enzymes containing 
“active histidine” possess an acyl imidazole bond involving 
carboxyl linked to an imidazole nitrogen. Such bonds are 
known to be highly reactive (37) and of the “high-energy” type 
(38). If this is the case, the transfer of the diisopropylphos- 
phoryl moiety to the serine hydroxy! would represent a secondary 
reaction. Indeed, Dixon and Neurath (39) have presented 
spectrophotometric evidence that acetylimidazolyl is an inter- 
mediate in the hydrolysis of p-nitrophenyl acetate. 

Our specific suggestion is that the active site of chymotrypsin 
involves an acylimidazolyl group and that reaction with sub- 
strate, as in the case of papain, represents successive transfer 
reactions, forming a substrate acylimidazolyl followed by re- 
formation of the internal acylimidazolyl. The rate-limiting 
steps are obviously different from those of papain and ficin, as 
pointed out by Gutfreund (19), and are manifested more strik- 
ingly by the difference in rate of amide and ester hydrolysis for 
chymotrypsin (4). 

It is important to emphasize that the studies of Neurath and 
Dixon (36) have shown that a drastic rearrangement of structure 
occurs during the activation of trypsinogen and chymotrypsino- 
gen, and it has already been proposed (35, 36) that the active 
site of the enzymes derived from these zymogens are formed by 
the juxtaposition of two distinct parts of the peptide chain. 
In this respect, our hypothesis is similar. Our proposal differs, 
however, in that it is assumed that a definite covalent bond of 
the “high-energy” type is formed at the active site. 

Another possible grouping of proteins which might possess the 
desired properties would be an acyl tyrosine linkage involving 
the linkage of carboxyl and phenolic groups. 

For the three cases mentioned, the bonds would be expected to 
be of the “high-energy” type since they all involve bonds similar 
to acid anhydrides. Although many other linkages could be 
invoked, they appear to be less likely than the three already 
mentioned, since they would not be expected to be of the “high- 
energy” type or kinetically reactive and these characteristics 
apparently would be essential for an explanation of enzymic 
properties. For example, interaction of carboxyl with aliphatic 
hydroxyl groups of serine or threonine would lead to ordinary 
ester bonds, and carboxyl with amino groups to ordinary peptide 
bonds. This is not to imply that many other side chains of 
enzymes are not essential, particularly in determining side 
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chain specificity; this certainly involves, in particular cases, 
hydrophobic interaction (e.g. van der Waals’ forces) hydrogen- 
bonding, electrostatic forces, and so on. What is presently 
under consideration are the highly reactive “active sites” which 
are concerned in the formation of acyl-enzyme, glycosyl-enzyme, 
adenyl-enzyme, and the like. 


Role of Secondary Covalent Bonds in Protein Structure 


The existence of covalent bonds, other than peptide and 
disulfide bonds, may be inferred to exist in proteins on the basis 
of the many studies of past years as well as the arguments pre- 
sented above. In particular, the many observations of “un- 
reactive,” or “buried” groups of proteins are better explained in 
many cases on the assumption that they are covalently linked, 
rather than that they are sterically unavailable. The reviews 
of Anson (21) and of Neurath et al. (40) summarize early knowl- 
edge regarding such unreactive thiol, imidazole, phenolic, and 
other groups. 

Present views ascribe to the a-helix a major role in maintain- 
ing coiled peptide chains. Yet on this basis alone, the three- 
dimensional globular configuration of soluble proteins cannot 
be readily explained. Such proteins as papain seem to contain 
no disulfide bridges (11), yet the protein maintains a globular 
form. Such proteins as phosphorylase (41-43) are dissociated 
reversibly by CMB and the reaction is reversed by thiols. It is 
unlikely that CMB can cleave disulfide bonds, and it is even 
more unlikely that addition of cysteine could produce a reversal 
leading to reformation of disulfide bonds under strongly re- 
ducing conditions. It appears more probable that CMB is 
cleaving thiol ester bonds in this case. 

Proteins like myoglobin? and enolase* are completely lacking 
in cysteine or cystine, yet they are globular in solution; in these 
cases, histidine seems to be implicated in maintaining the regular, 
globular structure. In particular, only 2 of the 14 histidine 
residues of enolase can be titrated (44). 

In the case of ovalbumin, the data of Crammer and Neuberger 
(45) showed that the expected changes of ultraviolet absorption 
upon titration did not occur unless the protein was denatured. 
Similarly, the studies of Cannan et al. (46) showed that phenolic 
groups of this protein could not be titrated in the expected 
region in which the phenolic groups of tyrosine are readily reac- 
tive. More recently, evidence has been presented (47, 48) which 
indicates that three of the phenolic groups of native ribonuclease 
do not react with hydrogen ions. Tanford et al. (48) suggest 
that the abnormal behavior of these groups cannot be explained 
on the basis of hydrogen-bonding alone and that these “strong 
bonds” may be part of a “hydrophobic” bond. These few 
examples are taken at random from the literature; many others 
could be cited which point in the same direction. 

Steinhardt and Zaiser (49) have recently reviewed the extensive 
data bearing on the differences in titration curves between native 
and denatured proteins. They point out that the “unmasking 
phenomenon” is always accompanied by denaturation which 
liberates groups which were unavailable in the native proteins. 
These authors conclude that present information favors a purely 
steric interpretation for the unavailability of most groups, viz. 
“since only the small number of trigger groups which initiate 
the process of unfolding or refolding, form bonds involving 


2 J. C. Kendrew, personal communication. 
*B. G. Malmstrém and J. R. Kimmel, unpublished data. 
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appreciable chemical energy, it is only these groups which are 
involved in the formation of internal cyclic structures in the 
native protein.” 

Our views do not differ substantially from those expressed in 
the above quotation. However, it is suggested that the “trigger 
groups” represent specific covalent structures which seem to 
be predominantly acyl-imidazolyl, acyl-thiol, or acyl-phenolic 
linkages in specific cases. The most striking cases involved 
the “thiol groups” which are unreactive to some reagents but 
reactive with others. It is difficult to understand how, if a 
thiol group is “buried,” it can react with one set of reagents 
(mercurials) but not with others (nitroprusside). It is most 
likely that a chemical bonding, reactive with certain reagents 
but not others, is really involved. It is noteworthy that Linder- 
strgm-Lang and Jacobsen (50) attempted to explain this by 
postulating the existence of thiazolidine rings in proteins. This 
hypothesis has been discussed earlier (21) and need not be re- 
viewed extensively here. It is necessary to point out only that 
the known properties of thiazolidines do not meet the chemical 
or kinetic requirements for the active site of papain or for other 
“thiol” enzymes. It is noteworthy that Chibnall (51) has 
previously suggested the possible existence of thiol esters in 
proteins, a comment which does not seem to have provoked 
great interest up to the present time. 

Thus, it is suggested that covalent bonds involving thiol, 
imidazole, phenol, and possibly other groups, linked to carboxyl 
groups play an important role in maintaining the globular struc- 
ture of proteins. In each instance, the postulated bonds must 
be maintained by the folding energy of the protein and stabilized 
by hydrogen bonds since denaturation, which seems to open up 
primarily hydrogen bonds, breaks these covalent bonds and 
liberates the groups involved. This hypothesis permits an 
explanation of the difference between globular and fibrous pro- 
teins inasmuch as the latter possess few or none of the groups 
postulated as necessary for the formation of the cross-linked, 
covalent bonds. For example, collagen is essentially lacking in 
tyrosine, cysteine, and histidine. Although silk fibroin lacks 
histidine and cysteine, it contains a considerable amount of 
tyrosine but is poor in aspartic and glutamic acids. Wool also 
has a low content of tyrosine, cysteine, and histidine, as well as 
dicarboxylic acids. It is not intended to imply that all of the 
above-mentioned residues are exclusively linked in covalent 
bonds. On the contrary, it is known that in most proteins, 
many if not most of these groups are free and available for 
titration or for other chemical reactions. We wish to indicate 
only that in the fibrous proteins which are poor in the implicated 
residues, the possibilities for cross-linking involving these amino 
acids will be very much diminished. 

It is apparent that the suggested role of covalent bonds in 
maintaining the globular or folded configuration of proteins 
differs from that which such bonds can play in the active sites 
of enzymes. Our present lack of knowledge of the intimate 
details of the three-dimensional structure of proteins permits 
only the suggestion that the differences between the “reactive” 
covalent bonds and the “structural” ones must depend upon the 
surrounding groupings. It is obvious that in order to solve 
completely the nature of these problems, we shall need to know 
not only the detailed primary structure of globular proteins, 
i.e. their amino acid sequence, but the complete relationship in 
space of all the groupings in these molecules. The recent, 
initial success by Kendrew et al. (52) with myoglobin promises 
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well for the future. Inspection of the models constructed from 
x-ray diffraction data by these investigators shows that globular 
myoglobin contains many points of cross-linkage in its complex 
structure. Investigation by chemical, as well as by x-ray diffrac- 
tion methods, should aid in elucidating the nature of these 
linkages. 
SUMMARY 

1. Evidence has been given which indicates that previous 
views regarding the presence in papain of a free thiol group at 
the active site of the enzyme are not in accord with thermody- 
namic, kinetic, and chemical considerations. The data have 
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been interpreted on the basis that the reactive group at the 


active site involves a thiol ester which is formed and maintained 
by the folding energy of the protein. 

2. Various considerations suggest that thiol ester, acyl- 
imidazolyl, and acyl-phenolic bonds exist in enzymes as active 
sites and that such covalent bonds are also involved in main- 
taining the three-dimensional structure of proteins. 
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The enzyme dihydroorotic dehydrogenase catalyzes the reduc- 
tion of orotic acid by reduced diphosphopyridine nucleotide, 
as shown in Equation 1. This enzyme was first described 


HN—C=0O HN—C=0O 


O=C CH + DPNH + H+ 
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HN—C 
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O=C CH, + DPN*+ 
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by Lieberman and Kornberg (1), who purified it about 8-fold 
from extracts of the anaerobic bacterium Zymobacterium oroticum, 
which can be adapted to utilize orotic acid. The reaction cata- 
lyzed by dihydroorotic dehydrogenase has been shown to occur 
with no detectable hydrogen transfer between orotate and DPNH 


(2), unlike the oxidation-reduction reactions between pyridine, 


nucleotides and alcohols, carbonyl compounds or carboxy] de- 
rivatives (3). These and other facts led to the suggestion 
that the enzyme might contain a prosthetic group with the 
properties of a flavin; but attempts to prepare an inactive apo- 
enzyme which could be reactivated by a flavin derivative were 
unsuccessful. The present paper describes a purification of 
dihydroorotic dehydrogenase to a stage where its flavoprotein 
nature can readily be demonstrated. Some properties of the 
enzyme are also described. 


EXPERIMENTAL 


The culture of Z. oroticum was originally obtained from Dr. 
A. Kornberg and was the same as that used by Graves and 
Vennesland (2). Subcultures were made at intervals not exceed- 
ing 1 month. They were stored in the refrigerator under a 
pyrogallol seal. 

Calcium phosphate gel was prepared by the method of Tsuboi 
and Hudson (4) and stored at 4°. Fresh and aged gel gave 
similar results. Glucose dehydrogenase was prepared from beef 
liver by the method of Strecker and Korkes (5). We are in- 
debted to Dr. H. R. Levy for a gift of this preparation. Protein 
was determined by the method of Lowry et al. (6). Riboflavin 
nucleotides were measured fluorimetrically by the method of 
Bessey et al. (7) and Burch (8). 

Enzyme assays were carried out in quartz cuvettes of l-cm. 
light path by measurements with a Beckman model DU spectro- 


* Supported by grants from the American Cancer Society, the 
National Science Foundation, and the National Institute of Ar- 
thritis and Metabolic Diseases (No. A891) of the National Insti- 
tutes of Health, United States Public Health Service. The mate- 
rial in this paper is taken from a thesis submitted by Herbert C. 
Friedmann in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 


photometer, with a cell compartment maintained at 20°. An- 
aerobic experiments were carried out in modified Thunberg tubes 
which could be inserted in the standard Beckman cell holder. 
The enzyme solution was frozen in a dry ice-acetone mixture 
before evacuation in order to prevent frothing during evacuation. 

The following commercial chemicals were used: dihydroorotic 
acid (California Foundation for Biochemical Research); DPN 
and DPNH (Pabst Laboratories); FAD of 90 per cent purity, 
and FMN! (Sigma Chemical Company); 3-acetylpyridine DPN, 
cytochrome c and reduced glutathione (Nutritional Biochemicals 
Corporation). Uracil-5-carboxylic acid and 2,4-dihydroxy-6- 
methyl pyrimidine were gifts from the Sigma Chemical Company, 
and 5-fluoroorotic acid was a gift from Roche Laboratories. 

All solutions except the bacterial culture medium were made 
with water redistilled from glass. 


Assay of Dihydroorotic Dehydrogenase 


Lieberman and Kornberg (1) used an assay system based on 
measurement of the decrease in light absorption at 280 my which 
accompanies the reduction of orotate to dihydroorotate. DPN 
was added in catalytic amount and was maintained in the reduced 
form by reduction with glucose in the presence of glucose dehy- 
drogenase. This assay procedure was used during our earlier 
studies of the purification of the enzyme. Later a simpler assay 
system was devised, which had the added advantage that saturat- 
ing concentrations of orotate could be used without the diffi- 
culty associated with the high optical density of such solutions 
at 280 mu. The enzyme was measured by determining the rate 
of decrease of the optical density at 340 my associated with the 
conversion of DPNH to DPN* in the presence of enzyme and 
orotate. This assay system has the disadvantage that all 
preparations contain an “oxidase” activity which causes an 
oxidation of DPNH by oxygen. The rate of DPNH oxidation 
was therefore generally measured both in the presence and in the 
absence of orotate. 

The standard reaction mixture for the assay contained 200 
umoles of sodium phosphate buffer of pH 6.5, 15 wmoles of 
MgCh, 20 wmoles of cysteine, 6 wmoles of sodium orotate, 
enzyme, and 0.3 umole of DPNH in a final volume of 3.0 ml. 
Additions of reagents were made in the order listed. The reac- 
tion was started by addition of DPNH after the other com- 
ponents of the reaction mixture had come to temperature 
equilibrium at 20°. Optical densities were measured at 340 mu 
at suitable time intervals after mixing. The concentrations of 
orotate and of DPNH used in this assay system were shown to 
be well above the levels required for saturation of the enzyme. 


! The following abbreviation is used: FMN, riboflavin mono- 
phosphate. 
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The cysteine solution was freshly prepared just before use by 
dissolving cysteine hydrochloride in water and neutralizing it 
carefully with NaOH solution. The orotic acid used to prepare 
solutions of sodium orotate for the assay was recrystallized from 
water. 

This assay procedure gave values proportional to the amount 
of enzyme tested. For example, in the presence of 0.03, 0.06, 
and 0.09 ml. of a crude bacterial extract the respective decreases 
in optical density at 340 my in a 3-minute interval were 0.042, 
0.082, and 0.130. Since the millimolar extinction coefficient 
(nu) Of DPNH is 6.22 at 340 my (9), a rate corresponding to 
the oxidation of 1 mumole of DPNH per minute in the assay 
system would give an increment of optical density (AO.D.) of 
0.00207 in 1 minute. A unit of enzyme activity is defined as the 
amount of enzyme causing this reaction rate. Assays were 
most conveniently conducted with about 10 to 20 units of 
enzyme, and the rate of the reaction was measured within the 
first 3 minutes. Exposure of the enzyme to DPNH in the ab- 
sence of orotate is accompanied by inactivation of the enzyme. 
This inactivation is particularly marked in the absence of added 
cysteine and may be the consequence of peroxide formation. 
Catalase, however, has no protective action, nor does it have 
any effect on the course of the over-all reaction catalyzed by 
the enzyme. 

The ratio of the rate of DPNH oxidation in the presence of 
saturating concentrations of orotate to the rate of DPNH oxida- 
tion in the absence of orotate, measured aerobically, ranged from 
4.0 to 4.6 for the crude undialyzed bacterial extract to approxi- 
mately 5.6 to 6.0 for the preparations of highest specific activity 
obtained. Though the assay value might properly be corrected 
by subtraction of the “blank,” and data were obtained to make 
such corrections, the assay values reported in the present paper 
were not corrected in this way, since the correction amounted 
to an almost constant proportion of the total value. 


Purification of Dihydroorotic Dehydrogenase 


Growth of Organism—Z. oroticum was grown on the orotic acid 
nutrient medium recommended by Lieberman and Kornberg 
(1), except that the amount of thioglycollate recommended by 
these authors was doubled. Pyrex bottles of 8.5-l. capacity 
were used, with approximately 7.3 1. of medium per bottle. Each 
bottle was inoculated with 25 ml. of an actively growing culture. 
After about 12 hours at 30°, the bacterial growth could be 
seen in the form of characteristic fluffy threads which settled 
gradually to the bottom of the flask. The contents of the bottle 
were mixed by gentle swirling two or three times during the 
course of the growth period, to ensure that the upper portion of 
the medium would not remain unutilized. Harvesting by 
centrifugation at approximately 10° had to be completed within 
less than 24 hours after inoculation, preferably just before the 
bacterial growth had stopped completely, since the total amount 
as well as the specific activity of the enzyme declined markedly 
in older cultures. Thus, in three different growth experiments 
the yield of bacteria per |. of culture was 2.74, 2.70 and 2.76 gm. 
(wet weight), but the total number of units of enzyme obtained 
per |. of culture declined from 20,000 through 13,500 to 8,100. 
The later batches had been allowed to stand a few hours longer 
than the first. The centrifuged bacterial mass should be of a 
fluffy consistency and should be light in color except for a possible 
trace of brown sediment. Older and enzymatically less active 
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cultures were more granular and contained appreciable amounts 
of black pigment. 

The harvested bacteria were immediately incubated in an 
orotate-phosphate-cysteine mixture in a vacuum at 26° for 20 
minutes, as described by Lieberman and Kornberg (1). The 
bacterial mass was then suspended in a suitable volume of ice- 
cold water and subjected to sonic vibration at 9 ke. ina Raytheon 
magnetostriction (sonic) oscillator at 0° for about 30 minutes. 
The cell-free extract was separated by centrifugation in the cold, 
and the residue was again submitted to sonic vibration, usually 
after combination with another aliquot of fresh cell suspension. 
The process was repeated until only an inconsiderable amount of 
debris remained. The greenish yellow extract was stored at 
—15°. The yield of protein ranged from 50 to 60 mg. per gm. of 
wet weight of bacteria. The total volume of the extract de- 
pended on the amount of water used for suspending the bacteria. 
This was varied considerably in different experiments. A 
convenient volume was 3 to 5 ml. of H,O per gm. of wet weight, 
giving an extract containing 10 to 20 mg. of protein per ml. 


General Outline of Fractionation 


The method of fractionation described below was reproducible 
and represents the results of an extensive survey of various 
possible procedures. It consists, essentially, of three steps, and 
gives a purification of about 90-fold over the original extract, 
with a yield of approximately 15 per cent. Except where 
mentioned, all procedures were carried out between 0 and 5°. 

Step 1. Treatment with Calcium Phosphate Gel—Each batch 
of crude bacterial extract had to be “titrated” to determine the 
maximal amount of gel which would adsorb inert material 
without removing protein and the minimal amount of gel which 
would then adsorb the enzyme activity. Routine titrations 
were performed by adding 0.2 ml. of the extract and varying 
amounts of gel to a total volume of 1 ml. The supernatant 
solutions obtained after centrifugation were assayed for enzyme 
activity. In a typical fractionation, 10 per cent of the total 
protein could be removed before the gel began to adsorb the 
activity, and 30 per cent of the total protein was still in solution 
after all of the enzyme activity had been adsorbed. Usually 
2 to 3 times as much gel was needed to adsorb the enzyme as to 
remove the inactive protein adsorbed initially, but the ratio 
varied between 1.5 and 5. For the first step, the total volumes 
were adjusted so that the mixture of extract and gel contained 
between 3 and 4 mg. of total protein per ml. The dry weight 
of gel required to adsorb inert matter (first gel adsorption) 
ranged from 0.6 to 1.5 mg. per mg. of protein present. 

The brownish-yellow colored gel containing the adsorbed 
enzyme from 100 ml. of crude extract is suspended in 200 ml. of 
0.2 m sodium phosphate buffer of pH 5.8. The gel is recovered 
by centrifugation, and the elution is repeated twice with 150 ml. 
of the buffer. The final eluate should be colorless. This first 
elution removes about one-third of the adsorbed protein and 
considerable amounts of uncharacterized yellow pigment, but 
only small amounts of enzyme. 

The gel is then treated three times with 5 ml. of 0.3 m sodium 
phosphate buffer of pH 6.4. The eluates contain enzyme of 
low specific activity and are discarded. The enzyme is then 
eluted by treatment of the gel with approximately 30 ml. of 
the same buffer. The treatment is repeated with decreasing 
amounts of fresh buffer until no more yellow pigment is eluted. 
The eluant is added gradually with vigorous shaking to disperse 
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the gel. About five or six elutions were generally performed. 
The final volume of the combined eluants should be approxi- 
mately equal to the volume of initial extract used. 

At the end of the treatment, the gel still retains some enzyme 
which can be recovered by increasing the ionic strength and/or 
pH of the buffer, but the eluates so obtained were of low specific 
activity and were discarded. The purification achieved by the 
calcium phosphate gel treatment should be approximately 5-fold, 
with a yield of approximately 50 per cent. 

Step 2. Differential Denaturation and Protamine Treatment— 
The combined yellow eluates from the preceding step are sub- 
mitted to selective protein denaturation by a method (10) 
based on that of Tsuchihashi (11) and Sevag (12). Approxi- 
mately 0.05 volume of 0.25 m Versene (ethylenediaminetetra- 
acetate, Dow Chemical Company) of pH 7.0 is added to the 
solution, which is then distributed into small (125 or 250 ml.) 
Erlenmeyer flasks together with 0.25 to 0.33 volume of a 3:1 
mixture of carbon tetrachloride and isoamy] alcohol. A mag- 
netic bar about 4 cm. in length is introduced and the mixture 
is stirred magnetically for about 10 hours in the cold. Volumes 
are chosen so that the stirring rod projects above the interface 
of the two liquid phases. A good churning motion of the two 
phases is necessary, but the stirring should not be so rapid that 
air bubbles are introduced. A voluminous precipitate of 
denatured protein gradually accumulates, with relatively little 
(15 to 25 per cent) loss of enzyme activity. The point at which 
the denaturation should be stopped is determined by removing a 
small aliquot, adding a slight excess of 1 per cent protamine 
sulfate (see below), removing the precipitate by centrifugation, 
and measuring the optical density of the supernatant solution 
at 280 and at 450 my. This ratio decreases during the course 
of the treatment, indicating a removal of more protein than 
flavin. The denaturation treatment is stopped when the ratio 
of the optical densities is between 18 and 14. (Values between 
12 and 7 have been reported for pure flavoproteins (13-15).) 
As much as possible of the aqueous phase is collected by decanta- 
tion, and the remainder is obtained by pipetting after centrifuga- 
tion. The precipitate of denatured protein is discarded. Nu- 
cleic acid is now removed by addition of a 1 per cent solution of 
protamine sulfate in such amount that the clear supernatant 
solution obtained on centrifugation shows about equal optical 
densities at 260 and 280 my. Further addition of protamine 
sulfate should not give more precipitate. No activity is lost 
in the protamine precipitation. 

The clear pale yellow supernatant solution is stored overnight 


TABLE I 
Purification of dihydroorotic dehydrogenase 























Stage of purification | Volume*| Protein | ,70tsl | Specific | vield 
ml. mg. unitst units/mg. % 

Cell-free extract. . 100 1250 62,000 50 
ibaa | 120 114 | 29,000, 252 47 
Step II....... 114 18$ | 22,100 | 1,230f | 35 
AA | 41.2) 2.0) 8,600) 4,350 | 14 





* In this particular preparation, 100 ml. of extract corresponded 
to 8.2 1. of bacterial culture. 

+t mumoles per minute. 

t These figures are not accurate because the isoamy! alcohol 
interfered to some extent with the protein assay. 
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at —15°. After thawing the next morning, the solution is 
turbid. Any precipitate of phosphate which may have formed 
is dissolved by warming to 15°, and the solution is then clarified 
by centrifugation in the cold. If the solution is brought to 
room temperature, a precipitate forms, which redissolves in the 
cold. The material which exhibits these solubility changes 
contains no enzyme, and can be removed by centrifugation at 
37°, but it is more convenient to delay this step until after the 
ammonium sulfate fractionation. 

Step 3. Fractionation with Ammonium Sulfate—To each 100 
ml. of supernatant solution, 21 gm. of ammonium sulfate are 
added in the cold, and the solution is centrifuged at 0°. The 
precipitate forms a compact white curd on the top of the liquid, 
being apparently entrained by a small amount of extruded 
isoamyl alcohol. The liquid phase containing the enzyme is 
removed by careful tilting of the container. For each 100 ml. 
of original solution, an additional 13 gm. of ammonium sulfate 
are added to precipitate the enzyme. As in the case of the first 
precipitate, the second precipitate also rises to the top of the 
solution. The enzyme accumulates on the surface as a thin, 
shimmering film. From this stage on, care must be observed in 
all mechanical manipulations, in order to obtain maximal yield 
and specific activity. The precipitate is transferred quantita- 
tively by repeated pipetting and centrifugation to a small 
(10 ml.) plastic centrifuge tube in which it can ultimately be 
obtained as a yellow curd almost free from adhering solution. 
A minimal volume of 0.15 m sodium phosphate buffer of pH 7.15, 
containing 0.0012 m Versene is used to dissolve the enzyme. 
Less than 1 ml. of buffer usually suffices to extract all the yellow 
pigment (from precipitate obtained from 100 ml. of crude 
extract), leaving an inactive white precipitate behind. The 
white precipitate is removed by centrifugation. The yellow 
enzyme solution develops a precipitate when the temperature 
is allowed to rise, and this precipitate is removed by brief cen- 
trifugation at 37°. If the final yellow solution is not perfectly 
clear, the centrifugation at 37° is repeated. The precipitate 
may be washed with a minimal volume of buffer. With proper 
care in manipulations, the enzyme from approximately 8 1. of 
bacterial culture can be obtained in 1 to 1.5 ml. of a yellow 
solution containing about 2 mg. of protein. The enzyme can 
be dialyzed against phosphate buffer of neutral pH and dried by 
lyophilization without extensive loss of activity. The yields 
and specific activities obtained at various stages of a typical 
fractionation are summarized in Table I. The purification 
achieved is about 90-fold over that of the original extract. 
The final specific activity of about 4,400 units per mg. of protein 
varied by only about 10 per cent in several completely different 
preparations. Unless otherwise indicated, all experiments re- 
ported in subsequent sections were carried out with enzyme at 
this stage of purity. 

The sedimentation behavior of various fractions in the ultra- 
centrifuge was used as a guide in the course of the purification 
of the enzyme. The preparations of highest activity contained 
one major peak with an 8 of 7S. The enzyme activity is 
thought to be associated with this peak. The proportion of 
“impurities” was estimated to be about 25 per cent. These 
figures are entirely provisional. 


Properties of Dihydroorotic Dehydrogenase 


Spectrum and “lavin Content—The light absorption spectrum 
of purified dihydroorotic dehydrogenase is shown in Fig. 1. 
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Fie. 1. The absorption spectrum of dihydroorotic dehydro- 
genase. Conditions were as for the assay, but cysteine and sub- 
strate were omitted. There was 0.62 mg. of protein per ml. and 
the light path was 1 cm. The insert shows the spectrum from 
300 mu to 600 my drawn on a different scale in order to exhibit the 
detail more accurately. 


It is a typical absorption spectrum of a flavoprotein, with a 
well defined maximum at 450 my and another at 370 mu. There 
is another maximum at 274 my, with an extinction coefficient 
of approximately 8 times that at 450 my. The effect of the 
addition of DPNH and of dihydroorotate on the absorption 
spectrum of the enzyme was determined by observations under 
anaerobic conditions. Tracings were made with a Cary model 11 
recording spectrophotometer. Both of the substrates bleached 
the yellow color, and the spectrum was immediately restored on 
addition of air. The bleaching effect with DPNH was greater 
than that with dihydroorotate and could readily be observed 
without the aid of instruments. Spectrophotometric recordings 
showed that the optical density decreased below 510 my and 
increased at longer wave lengths, with the result that the absorp- 
tion peak at 450 my disappeared, although there was only a 50 
per cent decrease in optical density at this wave length. This 
reaction required about 2 minutes to reach completion. The 
bleaching by dihydroorotate was more complex and not so 
extensive. A series of changes occurred, which required almost 
15 minutes to reach completion, at which time the decrease in 
optical density at 450 my was only about 20 per cent. These 
observations were made under the conditions of the assay, with 
1 mg. of purified protein per mi. The interaction of flavoprotein 
and dihydroorotate was completely dependent on added cysteine. 
There was no change in absorption spectrum on addition of 
dihydroorotate without cysteine or on addition of cysteine 
without dihydroorotate. The interaction of DPNH with the 
flavoprotein, on the other hand, took place in the absence of 
added cysteine. 

The flavin content of the enzyme was determined by the 
method of Bessey et al. (7) and Burch (8). This method depends 
on the quantitative measurement of fluorescence of trichloro- 
acetic acid extracts of the protein. The increase in fluorescence 
on hydrolysis may be used to measure the proportion of FAD 
in a sample containing a mixture of FMN and FAD. Some 
results of these analyses have been assembled in Table IT. 
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Preparations 2 and 3 were made entirely separately, from differ- 
ent batches of bacteria, by the procedure described in the text. 
Preparation 1 was obtained by a somewhat different procedure, 
in which Step 2 was omitted. Instead, at this stage, impurities 
were adsorbed on kaolin, after which an ammonium sulfate 
fractionation was performed. The sample called Preparation 1 
in the table was the protein fraction of highest specific activity 
obtained by this procedure. The data show that the activity 
of the various fractions was approximately proportional to their 
flavin content. This can be seen from the turnover numbers, 
which represent moles of substrate per mole of flavin per minute 
at 20° under conditions of the assay. The deviations are prob- 
ably within the limit of error of the various measurements. 
The data in the table are completely provisional. It should be 
noted that the optical density of Preparations 2 and 3 at 450 my 
gave values approximately 60 and 70 per cent above the values 
expected from the flavin content measured by the procedure of 
Bessey et al. (7) and Burch (8). This implies that the total flavin 
may not all be hydrolyzed from the protein by the trichloroacetic 
acid treatment, or that the protein may contain some pigment 
other than flavin. The measurements of the increase in fluores- 
cence obtained on acid hydrolysis imply that approximately one- 
half of the total flavin obtained in the trichloroacetic acid extract 
is FAD, but this is not unequivocal evidence that FAD is present. 
Further work on identification of the flavins has been postponed 
until enzyme of unquestionable purity is available. The data 
in the table show that the best preparations contain about 1 
mole of flavin per 100,000 gm. of protein, and if the estimate of 
about 25 per cent impurities, made from sedimentation diagrams 
is correct, the combining weight may be about 75,000 gm. of 
protein per mole of extracted flavin. 

Reactions Catalyzed by Enzyme—When DPNH is oxidized 
by orotate in the presence of dihydroorotic dehydrogenase, the 
conversion of orotate to dihydroorotate can be followed by 
measuring the decrease in the absorption band of orotate in the 
ultraviolet. Although the position of the maximum is at 278.5 
my, measurements were made at 282 my, where there is no change 
in light absorption associated with the oxidation of DPNH. 
The millimolar extinction coefficient, €,..4 , of orotate at 282 my 
was taken as 7.5 (16). Measurements of the decrease in optical 
density at 340 my can be carried out on the same solution to 
show the oxidation of DPNH which accompanies the reduction 
of orotate. The results of such an experiment are shown in 
Fig. 2. Curves 1 and 2 show, respectively, the DPNH oxidation 
and the orotate reduction when the two substrates are incubated 
together. Curve 3 in the figure shows the rate of DPNH oxida- 
tion in the absence of orotate. It is apparent that Curve / is 
approximately equal to the sum of Curves 2 and 3, as expected. 


Taste Il 
Flavin content 
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Turnover 
Preparation Specific activity Flavin number based FAD 
on flavin 
an units/mg. F eqeniiafag } ore 
protein protein G 
1 1480 2.86 520 5l 
2 4200 10.6 400 46 
3 4480 9.5 470 41 








* Percentage of total flavin which was extracted by trichloro 
acetic acid. 
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Fig. 2. Reduction of orotate and oxidation of DPNH. Condi- 
t.ons were as in the assay system except as indicated. Curve 1 
shows micromoles of DPNH oxidized and Curve 2 shows micro- 
moles of orotate reduced, in a reaction mixture containing 0.15 
umole of DPNH and 0.4 umole of orotate. Curve 3 shows micro- 
moles of DPNH oxidized in a reaction mixture containing 0.15 
umole of DPNH and no orotate. The reaction mixtures contained 
34 units of dihydroorotic dehydrogenase. 
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Fig. 3. Change in initial rate with change in concentration of 
orotate and of 5-fluoroorotate. Procedure and conditions were 
the same as for the standard assay system, except as indicated. 
The velocity plotted is 7 times the AO.D. per minute. Each 
reaction mixture contained 21 units of enzyme with a specific 
activity of 1100. 





It is also apparent that the reaction stops when the DPNH 
present is almost completely oxidized, and that at this stage a 
slow oxidation of the dihydroorotate becomes apparent. The 
experiment shown in Fig. 2 was carried out with suboptimal 
concentrations of orotate, because of the difficulty of making 
measurements in the ultraviolet at high concentrations of this 
substance. 

The dependence of the rate of oxidation of DPNH on orotate 
concentration is shown in Fig. 3. This figure also shows the rate 
of reaction observed with various concentrations of 5-fluoro- 
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orotate which can be substituted for orotate as a substrate for 
the enzyme. The reaction reaches a higher maximal rate with 
5-fluoroorotate, but the Michaelis constants of the two substrates 
are about the same. The K,, values estimated from the data 
of Fig. 3 are about 1.3 x 10-4 m for both substrates, in agree- 
ment with the value of 1.1 x 10-4 mM reported by Lieberman and 
Kornberg (1). The finding that 5-fluoroorotate is a more 
active substrate than orotate is of interest in view of the use of 
fluorinated pyrimidines as carcinostatic agents (17). 

Sulfhydryl Activation—Lieberman and Kornberg reported 
that 0.002 to 0.007 m cysteine caused up to 2-fold stimulation 
of the reaction catalyzed by dihydroorotic dehydrogenase. The 
purified enzyme prepared in the present studies showed a more 
marked dependence on added cysteine. Glutathione and thio- 
glycollate also caused a stimulation but appeared to be less 
effective than cysteine. Thus, in one experiment a given amount 
of protein which showed 5.8 apparent units of activity in the 
absence of added sulfhydryl compounds, showed 17.1, 9.7, and 
10.3 units of activity in the presence of cysteine, glutathione, 
and thioglycollate respectively, at final concentrations of 0.006 
M. Doubling the concentration of the thiols did not change the 
reaction rates observed. The effect of cysteine on the oxidation 
of DPNH by orotate is shown in the two top curves of Fig. 4. 
Curve 1 shows the change in optical density at 340 my in the 
presence of cysteine, and Curve 1a shows the same reaction with 
cysteine omitted from the reaction mixture. During the first 
2 minutes of the reaction with orotate and without cysteine, 
the reaction rate was the same as in the blank. Then the reac- 
tion rate increased to reach a rate approximately one-third as 
great as that obtaining when cysteine is present. Anaerobically, 
there is no change in optical density during the initial 1.5 to 2 
minutes of incubation with DPNH and orotate in the absence 
of cysteine. Thus, there is an induction period in the absence 
of cysteine. 

Fig. 4 also shows that cysteine has relatively little effect on 
the rate of DPNH oxidation in the blank in the absence of 
orotate. Curve 2a is the blank without cysteine. There is a 
slight inhibition of the blank by cysteine. These results are 
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Fia. 4. Effect of cysteine on oxidation of DPNH. Conditions 
were those of the standard assay system with 38 units of enzyme 
per cuvette. Curve 1, complete; Curve 1a, no cysteine; Curve 2, 
no orotate; Curve 2a, no orotate and no cysteine. 
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completely in accord with the results of the bleaching experi- 
ments, already described, which showed that dihydroorotate 
had no effect on the absorption spectrum of the enzyme unless 
cysteine was present, whereas the bleaching of the enzyme by 
DPNH showed no requirement for added cysteine. It appears 
that interaction of the enzyme with orotate or dihydroorotate 
is dependent on added cysteine, whereas the interaction of the 
enzyme with DPNH is not. The oxidation of DPNH by oxygen 
(i.e. the “blank”) is completely inhibited by 10~* m p-chloro- 
mercuribenzoate, however, which indicates that a protein 
sulfhydryl group is presumably essential for this component 
of the reaction also. 

The reaction catalyzed by dihydroorotic dehydrogenase is 
most readily demonstrated in the direction of reduction of orotate 
by DPNH, since the equilibrium favors the reaction in this 
direction. However, the reaction in the other direction can 
readily be demonstrated. Fig. 5 shows a plot of the increase in 
optical density at 282 my associated with the oxidation of 
dihydroorotate to orotate. All measurements were made under 
aerobic conditions. Curve 1 shows the rate of oxidation of 
dihydroorotate in the presence of DPN*. Curve ja shows the 
results obtained with the same reaction mixture without the 
added cysteine. The reaction in this direction is almost com- 
pletely dependent on added cysteine. Curve 2 shows the rate 
of oxidation of dihydroorotate by the blank in the absence of 
added pyridine nucleotide, and Curve 2a shows the rate of oxida- 
tion by the blank without cysteine. Unlike the aerobic oxida- 
tion of DPNH, the aerobic oxidation of dihydroorotate is almost 
completely dependent on added cysteine, as expected from the 
previous results on the bleaching of the flavin. Curves 3 and 3a 
of Fig. 5 show the oxidation of dihydroorotate by the 3-acetyl- 
pyridine analogue of DPN in the presence and absence of 
cysteine, respectively. It is apparent that the analogue is a 
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Fic. 5. Oxidation of dihydroorotate. Conditions as in stand- 
ard assay system, except for substrates, as indicated. All reac- 
tion mixtures contained 12 ymoles of dihydroorotate and 35 units 
of enzyme in 3.0 ml. Curve 1, 0.4 umole of DPN*+ with cysteine; 
Curve 1a, like Curve 1, but no cysteine; Curve 2, like Curve 1, but 
without DPNt+; Curve 2a, like Curve 2, but without cysteine; 
Curve 3, 0.4 umole of the 3-acetylpyridine analogue of DPN* with 
cysteine; Curve 8a, like Curve 3, but without cysteine. 
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Fig. 6. Inhibition by pyrimidines. A, 1 mmole of sodium phos- 
phate of pH 6.5 (5 times the amount usually used), 15 umoles of 
MgCle, 20 zmoles of cysteine, 2 umoles of sodium orotate and 17 
units of enzyme were incubated with (7) no additions, (2) 140 
pumoles of 2,4-dihydroxy-6-methylpyrimidine, (3) 140 umoles of 
sodium barbiturate. After 8 minutes, the reaction was started 
by adding 0.4 umoles of DPNH to a total volume of 3 ml. B, 
compositions identical to those in A, except that orotate was 
omitted and a 5-fold higher concentration of enzyme was used. 


more effective oxidant for dihydroorotate than DPN itself, a 
fact which may be related to the higher potential of the analogue 
(18). TPNH has been shown not to be effective as a reductant 
for orotate (1). 

Mammalian cytochrome c cannot serve as an oxidant for the 
dihydroorotic dehydrogenase, but methylene blue may be used 
as an oxidant for the enzyme reaction (2). Thus, the enzyme 
acts as an effective diaphorase, catalyzing the anaerobic reduc- 
tion of methylene blue by DPNH. No added cysteine is re- 
quired for this reaction. Dihydroorotate, however, does not 
reduce methylene blue unless cysteine is added with the enzyme. 
The stimulating effect of cysteine is not so clear-cut in these 
experiments as in those previously noted, because of the rela- 
tively high rate of nonenzymatic reduction of methylene blue 
by cysteine; however, with proper choice of concentrations of 
the various reagents, the effects of cysteine on the enzyme reac- 
tions can readily be observed. 

Inhibition by Analogues of Orotate—Tests were made to deter- 
mine the effect of a variety of substituted pyrimidines on the 
activity of the enzyme. These substances were tested by 
addition to the standard assay system, in which the oxidation 
of DPNH in the presence of orotate is measured. Their effect 
on the aerobic oxidation of DPNH in the absence of orotate was 
also determined. Except for 5-fluoroorotate, which was found 
to be a substrate, as already described, the other pyrimidines 
tested were without effect, or they acted as inhibitors. Veronal 
and uracil-5-carboxylic acid had no significant effect either on 
the assay system or the blank. Barbituric acid and 2,4- 
dihydroxy-6-methy] pyrimidine, on the other hand, inhibited the 
enzyme. No matter whether the DPNH oxidation was meas- 
ured in the presence or in the absence of orotate, the inhibitory 
effect was about the same. The similarity is indicated by the 
data plotted in Fig. 6, which shows the course of the reaction 
with time for enzyme without inhibitor (Curve 1), and enzyme 
with 2,4-dihydroxy-6-methyl pyrimidine (Curve 2), or with 
barbiturate (Curve 3). Experiment B differed from A in having 
5-fold more enzyme and no orotate. These results may be 
regarded as partial evidence that the aerobic oxidation of DPNH, 
and the oxidation of DPNH by orotate, are catalyzed by the 
same enzyme. 
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Cyanide (3 X 107% m) and 8-hydroxyquinoline (1 x 107 m) 
had no inhibitory effect on the enzyme, and o-phenanthroline 
(1 X 10°* m) gave 10 per cent inhibition. The latter result is 
of questionable significance. Versene (1.7 x 10°? m) likewise 
had no effect on enzyme activity. Although Mg** was included 
in the standard assay used in the experiments described in the 
present report, there is no reason to regard this ion as necessary 
for activity. Lieberman and Kornberg (1) reported a stimula- 
tion by Mg** only on later stages of the reaction. 

Stimulation by Added Flavins—An activation of dihydro- 
orotic dehydrogenase by added FAD could be observed, even 
in the first crude extract. Stimulation was variable in amount 
and reached values as high as 40 per cent. Smaller stimulation 
by FMN was also noted. Preparation 2 (Table II) was stimu- 
lated 37 per cent by added FAD but responded little, if at all, 
to FMN. Preparation 3 was stimulated 20 per cent by FAD 
and 13 per cent by FMN. The DPNH oxidation in the blank 
in the absence of orotate was stimulated by added flavins to 
approximately the same relative extent as the oxidation of 
DPNH in the presence of orotate. 

The enzyme could also be inhibited partially by acriflavin, 
and FAD could relieve this inhibition at least partially. FMN 
was considerably less effective. These studies are not reported 
in detail because they add little information beyond confirming 
the conclusion that the enzyme is a flavoprotein. The fact 
that FAD was always more effective than FMN does not permit 
definitive conclusions regarding the identity of the prosthetic 
group of the enzyme. 

Efforts to resolve the enzyme into an inactive apoenzyme 
and an activating prosthetic group have not yet been successful. 
In fact, all deliberate efforts to increase the response of the 
enzyme to added flavins have failed. One preparation lost 87 
per cent of its total activity on treatment with acid ammonium 
sulfate (19), but the proportional response to added flavins was 
the same as it had been before the treatment. FAD and FMN 
in combination were not more effective than FAD alone, and 
heated extract prepared from the bacterial extract did not 
stimulate as much as the added FAD. 


DISCUSSION 


Evidence has been presented in this paper to show that 
dihydroorotic dehydrogenase from Z. oroticum is a flavoprotein 
which catalyzes (a) the oxidation of DPNH by orotate and by 
oxygen, and (b) the oxidation of dihydroorotate by DPN* and 
by oxygen. It has also been shown that the flavin prosthetic 
group is reduced by DPNH as well as by dihydroorotate and 
that the reduced prosthetic group is reoxidized by oxygen. 
These various reactions are shown in Fig. 7. The arrow to O, 
represents the direction of the electron flow in the aerobic 
oxidation, and the other arrows indicate the favored directions 


02 
© 
DPN* FH, OROTATE 
DPNH F DIHY DROOROTATE 


Fic. 7. The reactions catalyzed by dihydroorotic dehydro- 
genase. F and FH; represent, respectively, the oxidized and the 
reduced flavin prosthetic group (or groups). 


Dihydroorotic Dehydrogenase 





Vol. 233, No. 6 


of the individual reactions. Evidence has also been found that 
methylene blue may be substituted for O.; 5-fluoroorotate, for 
orotate; and the 3-acetylpyridine analogue of DPN, for DPN. 
The diagram in this figure gives the simplest interpretation of 
the facts available at the present time, and shows only the 
reactions with the naturally occurring substrates. 

It is possible, of course, that the enzyme has a more complex 
structure, with other prosthetic groups, and that the inter- 
relationship of the various reactions is consequently more 
complex than indicated. The available facts actually suggest 
that the molecule contains two different flavins, one of which 
may be FMN, and the other, FAD. If this is the case, the 
reaction sequence in the oxidation of DPNH by orotate should 
involve three oxidation-reduction reactions, as shown in the 
following reaction sequence, in which the direction of the arrows 
indicates the direction of electron flow: 





DPNH a Flavin 1 we Flavin 2 > Orotate 
Reaction 3 is dependent on added cysteine, whereas Reaction 1 
is not. The possibility that Reactions 1 and 3 are catalyzed 
by two different flavoproteins is difficult to exclude with cer- 
tainty. We hold the opinion that one protein is probably 
involved, or that, if there are two, they are associated in a 1:1 
relationship so closely as to behave as one protein during frae- 
tionation. Attempts were made during the course of the 
purification to activate one fraction by another from which it 
had been separated. In all cases, the activity of the recombined 
fractions was the arithmetical sum of the activities of the frac- 
tions tested separately. 

It is likely that the initial extracts contain a separate DPNH 
oxidase activity, which is removed rather early in the course 
of the fractionation. The bulk of the DPNH oxidase activity 
remains with the dihydroorotic dehydrogenase activity, however, 
and the ratio of the two activities remained almost constant 
during most of the fractionation. Furthermore, although the 
DPNH oxidase and the orotic reductase activities respond very 
differently to cysteine, they respond in almost identical fashion 
to inhibition by pyrimidine analogues and to stimulation by 
added flavins. 

Unpublished records showing the spectrophotometric changes 
which occur when DPNH and dihydroorotate interact with 
dihydroorotic dehydrogenase are reminiscent of effects observed 
by Beinert (20) with acyl-coenzyme A dehydrogenase, and by 
Ehrenberg and Ludwig (21) with old yellow enzyme. It is 
possible that a continuation of these studies may shed con- 
siderable light on the mechanism of the reaction. 

The reactivity of dihydroorotic dehydrogenase with the acetyl- 
pyridine analogue of DPN also warrants further study. Because 
this analogue of DPN has a higher oxidation-reduction potential 
than DPN itself, it may prove most useful in measuring the 
oxidation-reduction potential of the orotate-dihydroorotate 
system. Kaplan et al. (18) first described the very interesting 
enzyme reactions undergone by the pyridine nucleotide ana- 
logues. In particular, they have shown that a considerable 
number of FAD-containing flavoproteins mediate reactions 
between pyridine nucleotides and their analogues (22, 23). 
The present studies show that dihydroorotic dehydrogenase 
should be considered a member of this group. In this connec- 
tion it is of interest that the addition of cysteine to dihydroorotic 
dehydrogenase has an effect which is at least superficially anal- 
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ogous to the effect of the addition of FAD to partially resolved 
cytochrome reductase. Both FAD and cysteine activate one 
of the reactions catalyzed by the preparation, without having 
appreciable effect on another reaction, also catalyzed by the 
same preparation. Weber and Kaplan (22) regarded these 
findings as evidence that the reaction unaffected by added 
FAD (that is, the reduction of the acetylpyridine analogue of 
TPN* by TPNH) is not mediated by flavin but by some other 
group of the protein. Further purification of the various 
enzymes in question, and further careful analytical work, is 
required to identify all flavin components of these enzymes and 
to determine whether the molecule of protein may contain two 
flavins which can perhaps be removed separately. 

The mechanism of action of the added cysteine on dihydro- 
orotic dehydrogenase is not known, although it is clear that the 
cysteine does not enter into the stoichiometry of the over-all 
reaction in the presence of catalytic amounts of enzyme. The 
more likely function for cysteine is regeneration of a particularly 
sensitive —SH group. The question then arises whether this 
—SH group influences the reaction indirectly by affecting a 
binding site or some other structural feature essential for enzyme 
action or, whether the —SH group participates more directly in 
the reaction by serving as an electron or hydrogen carrier. 
There is no clear-cut evidence bearing on this question, although 
the behavior of the reaction between orotate and DPNH in the 
absence of added cysteine may be regarded as suggestive. When 
such a reaction mixture is incubated anaerobically, a relatively 
slow reaction starts after an initial lag period of approximately 
2 minutes. Perhaps the DPNH can, to a very limited extent, 
substitute functionally for the cysteine. 

Dihydroorotic dehydrogenase is also of interest as an adaptive 
enzyme. Its relative stability recommends it for studies of 
the process of adaptation, and the fact that it contains a flavin 
prosthetic group adds another parameter for investigation. 
It is of interest that the adaptive enzyme has a rather different 
function from the “constitutive” enzyme. Z. oroticum, after 
adaptation, ferments orotic acid, and the process begins with a 
reduction of orotate by dihydroorotic dehydrogenase. In the 
normal course of metabolism, the enzyme presumably functions 
mainly in the metabolic synthesis of pyrimidines, and this 
reaction path involves an oxidation of dihydroorotate rather 
than a reduction of orotate. Since the enzyme can catalyze 
an oxidation of dihydroorotate by oxygen, the intervention of 
pyridine nucleotides may be unnecessary for the oxidation. 
Yates and Pardee (24) have described a dihydroorotic dehydro- 
genase in cell-free extracts of Escherichia coli. The quantity of 
constitutive enzyme present in EF. coli has been shown to vary 
with the amount of uracil available to the cell (25); that is, the 
organism apparently responds to uracil deprivation by syn- 
thesizing more enzyme. This dihydroorotic dehydrogenase in 
E. coli is actually assayed as an oxidase, and there is apparently 
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no evidence as to whether or not it is linked with a pyridine 
nucleotide. It would be of interest to know whether dihydro- 
orotic dehydrogenase reactions are always closely linked with 
pyridine nucleotides, or whether this close association is a 
characteristic of the adaptive enzyme. It is also of interest 
that dihydroorotic dehydrogenase from the anaerobe Z. oroticum 
reacts with DPN and not with TPN (1), whereas the analogous 
enzyme from the aerobe Corynebacterium is specific for TPN (26). 

Closely related to the dihydroorotic dehydrogenases are the 
pyridine nucleotide-linked enzymes which catalyze the reduc- 
tion of uracil and thymine to dihydrouracil and dihydrothymine 
(27-29). Pyridine nucleotide oxidase activity appears to be 
associated with these enzymes also, just as well as with the 
dihydroorotic dehydrogenases (28-30). Given the evidence 
that dihydroorotic dehydrogenase is a flavoprotein, and in view 
of the established flavoprotein character of other enzymes 
which catalyze the removal (and addition) of hydrogen from two 


adjacent carbon atoms to give —C=—C— double bonds (eg. 
succinic dehydrogenase (31) and the acyl-coenzyme A dehydro- 
genases (20)), one may anticipate that the dihydropyrimidine 
dehydrogenases will also prove to be flavoproteins. 


SUMMARY 


A procedure has been described for the purification of a 
bacterial dihydroorotic dehydrogenase. The enzyme has been 
shown to be a flavoprotein whose flavin can be reduced both by 
dihydroorotate and by reduced diphosphopyridine nucleotide. 
The flavin analyses suggest that the protein contains approxi- 
mately equal amounts of riboflavin monophosphate and of flavin 
adenine dinucleotide. 

The enzyme has been shown to catalyze the reduction of 
orotate and of 5-fluoroorotate by reduced diphosphopyridine 
nucleotide, the oxidation of dihydroorotate by diphosphopyridine 
nucleotide or its acetylpyridine analogue, and the oxidation of 
dihydroorotate and of reduced diphosphopyridine nucleotide by 
O. or by methylene blue. 

All reactions are completely inhibited by p-chloromercuri- 
benzoate. Those reactions which involve either orotate or 
dihydroorotate proceed at only a negligible rate unless some 
sulfhydryl compound such as cysteine is added. The other 
reactions are almost unaffected by added cysteine. 

From the behavior of the enzyme on fractionation and from 
a study of other inhibitors and stimulatory substances, the 
conclusion is drawn that all of the above mentioned reactions 
are catalyzed by one flavoprotein or by two flavoproteins in 
very close association. 


Acknowledgment—We are indebted to Doctor E. Goldwasser 
for his generous and patient help with the determination of the 
behavior of the protein fractions on ultracentrifugation. 
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The fractionation of calf thymus histone has been studied in 
the past few years by many investigators. The gross separation 
of this mixture into fractions which differed in physicochemical 
properties, or its more minute resolution into components that 
were presumed, in some instances, to be fairly homogeneous has 
been reported by the following workers: Ahlstrém (1), Stedman 
and Stedman (2), Butler and associates (e.g. (3)), Grégoire and 
associates (e.g. (4)), Daly and Mirsky (5), Crampton et al. (6, 
7), Luck et al. (8), Bakay et al. (9), Bijvoet (10), Davison (11), 
Ui (12), Smillie et al. (13), Phillips (14), and Cruft et al. (15). 

A partial fractionation of histone into its constituent proteins 
has been‘achieved, according to the literature, in several ways: 
fractional precipitation with ethanol (2); extraction with dilute 
acid and precipitation with ammonia and acetone (lysine-rich 
fraction) or fractionation with sodium chloride to prepare an 
arginine-rich fraction (3); fractionation with ethanol and “puri- 
fication’ by paper electrophoresis at pH 7.8 (4); differential 
extraction and precipitation, with the use of sulfuric acid or 
citric acid and NaCl for the extraction, and a base at pH 10.6 
for precipitation of the arginine-rich fraction (the lysine-rich 
fraction being more readily extracted and the arginine-rich 
fraction more readily precipitated) (5); fractional precipitation 
with barium acetate and ethanol (7); precipitation of histone 
chloride at pH 6.5 with cold ethanol (an arginine-rich fraction 
precipitating and a lysine-rich fraction remaining in solution) 
(10); differential extraction with sulfuric acid (0.1 N to 0.5 N) and 
precipitation with ammonia or cold ethanol (12); chromato- 
graphic fractionation on columns of barium Amberlite IRC-50 
(XE-64) at pH 6.7 by means of a concentration gradient of 
barium acetate, with recovery of 50 to 75 per cent of the applied 
histone (6, 7); fractionation on columns of guanidinium Amber- 
lite IRC-50 by elution at pH 6.7 with a concentration increment 
of guanidinium chloride (8); chromatographic fractionation on 
columns of carboxymethylcellulose at pH 4.2 or 6.5 by elution 
with a concentration gradient of NaCl (low resolution and 
high recovery of the applied histone) (11); and zone electro- 
phoresis on starch gel (15). 

In general it can be concluded that these methods, with the 
exception of the last one, tend to yield two principal fractions, 
of which the more easily extracted and less readily precipitated 
is lysine-rich and the less easily extracted but more readily 
precipitated is arginine-rich. By taking advantage of the high 
resolving power of zone electrophoresis on starch gel, Cruft et al. 
have demonstrated the presence of at least six fractions in thymus 
histone (15). 

It can also be inferred from the physicochemical studies 
(electrophoresis, sedimentation, and solubility) of Bakay et al. 
(9) and of Smillie et al. (13) that the two thymus histone fractions 


which they describe are likewise very largely lysine-rich or 
arginine-rich. 

The older literature suggests that lysine-rich proteins, allied to 
the arginine-rich histones of Kossel, were not unknown to the 
early investigators. In 1908 Nelson (16) obtained a fraction 
from thymus glands which was designated “thymamin’’ and 
which appears to have had some of the properties (e.g. a very low 
tyrosine content) of lysine-rich histone. Felix (17), in 1921, after 
a seemingly careful precipitation of the histone from an acid 
extract of lymph glands, was able to precipitate from the “his- 
tone-free” residue, by means of phosphotungstic acid, a lysine- 
rich protein with a yield of approximately 1 mg. of the protein 
sulfate per gm. of tissue. The lysine nitrogen was 26.7 per cent 
of the total nitrogen, and the arginine nitrogen was 14 per cent 
of the total. By the same technique, but in a somewhat smaller 
yield, a similar product (amino acid analysis not given) was 
obtained from thymus gland. A lysine-rich, “tyrosine-free,”’ 
Cyprinin-I from carp sperm was described by Kossel and Dakin 
(18) in 1904 and was considered by them to be more closely 
allied to the histones than to the protamines. 

Whether any of the histone preparations described above 
approach homogeneity is another question. Histone Fractions 
A and B of Crampton et al. (6) at one time seemed very promising 
but doubts as to their homogeneity have since been raised by the 
authors (7). The homogeneity of the histones described by 
Phillips (14) can be similarly questioned. The interesting 
studies of Cruft et al. have yet to be extended to zone electro- 
phoresis under other conditions of pH and ionic strength in 
order to determine which, if any, of the six fractions described 
are electrophoretically homogeneous; it is hoped that additional 
criteria of homogeneity will also be applied. 

In the present paper we propose to report certain observations 
on the chromatographic separation of calf thymus histone into 
its constituent proteins, on the terminal amino acid residues of 
these proteins, and on the amino acid composition of two of these 
proteins. In addition, the problem of the homogeneity of the 
components will be discussed. 


EXPERIMENTAL AND RESULTS 


Histone sulfate was prepared from the washed nuclei of calf 
thymus glands. The freshly obtained glands were stored at 
— 18° and were processed within 40 days after procurement from 
the slaughterhouse. We have no evidence of proteolytic deg- 
radation, denaturation, or other adverse changes that might 
have occurred during storage. 

The glands, in 300-gm. portions, were cut into small pieces, 
and homogenized in a Waring Blendor with 500 ml. of cold 
ethylene glycol, for 5 to 6 minutes, at a room temperature of 
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—5°. The homogenate was strained through cheese cloth and 
centrifuged in 100-ml. tubes for 40 minutes at approximately 
4500 r.p.m. in a conical head of the International refrigerated 
centrifuge (temperature, about —2°). The supernatant fluid 
was discarded and the residue of sedimented nuclei was briefly 
homogenized for 30 seconds in 500 ml. of cold ethylene glycol. 
The mixture was centrifuged for 30 minutes. The nuclei were 
resuspended and rewashed two more times in a similar fashion. 
When the treatments with ethylene glycol were thus completed, 
the residue was stored overnight at —5°. In the morning the 
procedure was resumed, and the sedimented nuclei were washed 
three times in 300-ml. portions of cold 0.14 m NaCl. For this 
purpose the residues were suspended in the wash fluid by means of 
flash homogenization in a Waring Blendor. The mixtures were 
again centrifuged in 100-ml. tubes in the conical head of the 
International refrigerated centrifuge. Each centrifugation was 
at 4500 r.p.m. for 30 minutes. Under these conditions the 
temperature of the mixture does not rise above 2° provided the 
centrifuge chamber and the head are adequately precooled. 
This precaution is of some consequence because degradative 
changes, attributable to catheptic enzymes in the nuclei, may be 
appreciable if the nuclei are subjected to temperatures above 
3-4° for more than a few hours. 

For preparation of the histone sulfate, the washed nuclei from 
300 gm. of thymus were mixed in a Waring Blendor with 100 ml. 
of 0.2 n H.SO, (temperature of room, 2°). The mixture was 
briefly homogenized for 20 seconds, transferred to an Erlenmeyer 
flask, and stirred magnetically for 30 minutes. It was then 
centrifuged at 0° for 10 minutes at 4000 r.p.m. (International 
refrigerated centrifuge, conical head), and the supernatant fluid 
was filtered into a graduated cylinder. The residue was re-ex- 
tracted three times with 100-ml. portions of cold 0.2 n H.SO,, 
and the mixture was centrifuged and filtered as before. The 
four extracts were combined. The solution was then clarified 
by means of centrifugation in a refrigerated Servall centrifuge 
(type SS-1; mounted in a refrigerated housing manufactured at 
this university) for 30 minutes at approximately two-thirds of 
maximal speed. At maximal speed this rotor develops a 
gravitational field of 31,000 X g. 

To the clarified solution 2.5 volumes of cold 95 per cent 
ethanol were added with mixing. The mixture was permitted 
to stand overnight (10 or 12 hours) at —5°. After decantation 
of as much of the supernatant fluid as possible, the remainder 
was centrifuged for 10 minutes at 0° or less. The precipitated 
histone sulfate was washed five times “on the centrifuge” with 
cold 95 per cent ethanol (4 volumes to 1 volume of residue in 
each washing). It was next dissolved in water by successive 
extractions with small volumes at room temperature. All but 
a trace of the ethanol-precipitated protein dissolved, suggesting 
that little, if any, ethanol or acid denaturation occurred. 

The aqueous solution was clarified by high speed centrifugation 
and, without dialysis, dried from the frozen state. The product 
was stored at —5°. The average yield of thymus histone sulfate 
(10 preparations) has been 1.29 gm./100 gm. of calf thymus. 


1For the last eight preparations the method of extraction has 
been changed so as to permit a more nearly complete, if not total 
extraction of the histone. Sulfuric acid was used in larger vol- 
umes and the number of extractions increased until, with a maxi- 
mal concentration of 0.2 n H.SQ,, the protein content of the last 
extract (usually the eighth) was negligible. Single glands were 
used in each preparation, and these weighed from 88 to 166 gm. 
each. From these last eight preparations the yields of histone 
sulfate were (in percentage of wet weight of the gland) as follows: 
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Chromatographic Fractionation of Histone—The fractions of 
histone described in the present paper were obtained by elution 
chromatography at room temperature (20-25°) on columns of 
Amberlite IRC-50, of about 250 mesh, by the use of a concen- 
tration gradient of guanidinium chloride at pH 6.8 (0.1 M sodium 
phosphate buffer). For preparative purposes we used columns 
of 7.5 X 55 em. (2- to 3-gm. loads) and of 4.5 X 49 cm. (0.5- to 
1-gm. loads). In the first experiment to be described (see Fig. 1), 
2.95 gm. of histone sulfate were dissolved in 50 ml. of 7 per cent 
guanidinium chloride? in 0.1 m phosphate buffer of pH 6.8. The 
solution was then applied to the larger preparative column which 
had been equilibrated previously by washing with 7 per cent 
guanidinium chloride (in 0.1 m phosphate buffer of pH 6.8). 

As soon as the applied protein solution had been allowed to 
flow into the column, a continuous inflow of a solution of guani- 
dinium chloride was initiated. The latter solution thus intro- 
duced was contained in a mixing vessel which, in turn, was 
supplied from a reservoir.’ The former vessel contained a fixed 
volume of 1500 ml. of guanidinium chloride solution of an initial 
concentration of 7 per cent; the guanidinium chloride concentra- 
tion in the reservoir was 14 per cent. Since the hold-up volume 
of the larger column is more than 1200 ml., the first 1000 ml. of 
the effluent were ignored. At 1450 ml. (center of band) of 
effluent volume, the first fraction, designated the “hold-up vol- 
ume effluent,” emerged from the column. The subsequent 
fractions (I and II) came off at 2500 and 3300 ml., respectively. 
When 4260 ml. had been collected, the gradient was discon- 
tinued and displacement of the remaining histone was achieved 
by applying a 20 per cent guanidinium chloride solution to the 
column, after which a 40 per cent solution was applied at a 
volume of 5330 ml.‘ 





2.40, 2.40, 1.94, 1.90, 2.35, 1.73, 1.80, and 1.80. All eight glands 
were obtained at the same time and were stored from between 38 
to 101 days. The yields are presented in an order which corre- 
sponds to the increasing duration of storage. 

2 We used guanidine hydrochloride (No. 749, Eastman Kodak 
Company). This product and the few others that we have 
examined have a high absorption in the ultraviolet. Purification 
was achieved by dissolving 5 kg. of the compound in 12 to 13 1. 
of methanol (technical grade). 400 gm. of Norit, or a comparable 
activated carbon, were added. After being stirred briefly the 
carbon was allowed to settle for approximately 2 hours. The 
supernatant solution was then filtered through two layers of 
filter paper. The filtrate was treated a second time with 400 gm. 
of Norit and again stirred and filtered. At this point the optical 
density at 277 mu should be less than 0.200. If the result is higher 
than this, a third treatment with Norit is indicated. The guani- 
dine hydrochloride is precipitated from the final filtrate by use 
of 1.5 to 2 volumes of anhydrous ether. The precipitate is col- 
lected on a large Buchner funnel, washed with approximately 3 1. 
of ether, and air-dried. The product in 60 per cent solution should 
preferably have an optical density at 277 my of less than 0.100. 
The yield is approximately 3.5 kg. 

3In early experiments it was noticed that Tygon tubing in 
contact with solutions of guanidinium chloride developed a high 
absorption in the ultraviolet. Consequently, we used glass 
tubing to connect the vessels and only three very short pieces of 
Tygon tubing. 

‘Columns are re-used repeatedly without being regenerated 
with acid, base, water, and buffer. Generally when Fraction II 
begins to emerge from the column, or even somewhat later, about 
500 ml. (in the case of the large column) of 40 per cent guanidinium 
chloride are applied directly to the column in order to displace 
the terminal fractions, III and IV. After this procedure, 1200 
ml. of 7 per cent guanidinium chloride are added. The quantity 
of 40 per cent solution used is sufficient to move the last fractions 
far down through the column, while the 7 per cent solution pre- 
pares the column for further use. 
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Fic. 1. Chromatographic fractionation of 2.95 gm. of thymus histone sulfate on Amberlite IRC-50 by use of a concentration gradient 
of guanidinium chloride (GUCL). The size of the preparative column was 7.5 X 55cm. X——X, indicates concentration of guani- 
O- - -O, indicates protein concentration of effluent fractions as determined by turbidimetric method 
@——@, indicates protein concentration of effluent fractions as determined by ultraviolet spectropho- 


Partial resolution of the terminally displaced histone was 
achieved by dissolving 500 mg. of the dialyzed and lyophilized 
material (from several runs) in a 10 per cent solution of guani- 
dinium chloride; the solution was applied to the smaller prepara- 
tive column (4.5 X 49 cm.) and was eluted with a concentration 
gradient of guanidinium chloride. For this purpose a constant 
volume of 500 ml. of guanidinium chloride (initially 10 per cent) 
was used in the mixing vessel, and a 30 per cent solution in the 
reservoir. As is illustrated in Fig. 2, two fractions (III snd IV) 
were derived, each of which was shown by centrifugal analysis to 
be heterogeneous although they had a superficial resemblance 
to Fraction II insofar as end groups are concerned. 

Fractions I and II, prepared as above, were reprocessed in 
9-mg. portions on an analytical column,‘ with results as shown 
in Fig. 3; each of these fractions was found to be essentially 
free from the other. 

In a later experiment that was designed to explore the possi- 
bility that smaller fractions might have been masked by over- 
loading of the column, we applied to the larger column (7.5 X 
55 em.) a solution of only 1.00 gm. of histone sulfate. The 
experiment was identical to that which is illustrated in Fig. 1, 
with only one other exception, i.e. in this second experiment 
the terminal fraction was released by a direct shift to the 40 
per cent guanidinium chloride solution (at 4025 ml. of effluent 
volume) without previous application of the 20 per cent solution 
to the column. The elution diagram is presented in Fig. 4. 

We observed with interest that a more complete resolution 


6 The dimensions were 1 X 25cm. The mixing vessel contained 
a fixed volume of guanidinium chloride solution (30 ml.), initially 
7 per cent in concentration. The reservoir contained 14 per cent 
guanidinium chloride. A flow rate of approximately 3 ml. per 
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— Effluents were collected in 25-ml. volumes by means of an 
nds automatic fraction collector at an elution rate of approximately 
4 150 ml. per hour. The protein content of each tube was de- 
termined by direct ultraviolet spectrophotometry at 277 my and 
dak by turbidimetry® of 0.1-ml. volumes in 1 m trichloroacetic acid 
ave | with the use of light of 400 my and a “red-sensitive” photocell. 
“ry The concentration of guanidinium chloride was determined by 
ble refractometry. 
= >The ninhydrin method is not applicable to solutions that 
a contain guanidinium chloride. We have found, however, that 
sae turbidimetric analysis of the precipitate suspension that is the 
a al result of the addition of trichloroacetic acid proceeds very satis- 
har factorily. Fraction II is precipitated under the conditions of 
7 these experiments at trichloroacetic acid concentrations as low 
awit as 0.6 Mm (or perhaps lower), but this concentration is too low for 
ee Fraction I which develops no turbidity at all in 0.6m acid. With 
3] 1.0 m trichloroacetic acid all of the fractions seem to yield pre- 
i d cipitate suspensions that are suitable for quantitative determina- 
100 tion of the histone concentration. Essentially similar differences 
; in precipitability by trichloroacetic acid were noted by Daly and 
7" Mirsky (5). 
Ligh Routinely, eluate samples of 0.05 to 0.20 ml. were diluted to 2.0 
Lom ml. with water, and precipitation was effected with 1.0 ml. of 3m 
a trichloroacetic acid. The turbidity, which developed at room 
temperature, was measured after 15 + 1 minutes by transmitted 
ted light of 400 my (1-cm. light path). Experiments showed that the 
1 turbidity readings were strictly proportional to protein concentra- 
out tion up to an optical density of about 0.350 (equivalent to approxi- 
io mately 150 ug. of whole histone per sample), and they were not 
lose affected by the presence or absence of guanidinium chloride. 
1200 The turbidity that developed, per unit weight of histone, was 
tity approximately the same for Fractions I, II, and III + IV. 
tone It should be noted that this method of analysis is especially 
pre- suitable for those fractions (derived from histone Fraction I) 
which, because of their low content of aromatic amino acids, 
have a low absorption at 277 mu. 
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Fig. 4. Chromatographic fractionation of 1.00 gm. of thymus histone on preparative column of 7.5 X 55 em. 


same significance as in Fig. 1. 


was now achieved. Two small peaks are in evidence between 
the hold-up volume and Fraction I. This latter fraction di- 
vided into Ia (2600 ml.) and Ib (2700 ml.). Fraction II emerged 
as IIa (3500 ml.), IIb (3750 ml.), and IIc (4300 ml.). As might 
be expected, the terminal fraction (III + IV) was unresolved.’ 
Dialysis of Fractions—The preparations of whole histone 
sulfate were lyophilized without previous dialysis and stored at 
—5°; individual fractions, however, were dialyzed for several 
days. In this procedure cellulose casings (DC S.S., Visking 
Corporation; size, 17 inch) were used. All of the dialysis sacs 
that contained the individual fractions, as obtained from the 
fraction collector, were suspended in a single glass jar that con- 
tained approximately 16 1. of conductivity water at about 3°. 
The outer fluid was stirred continually, and the dialysis sacs 
were agitated occasionally. At approximately 1-hour intervals 
throughout the normal work period, the sacs were inverted in 
order to accelerate the mixing of the contents. The outer 
liquid was replaced three times per day with fresh portions of 
conductivity water. When, after 2 to 3 days, the outer solu- 
tion was found to be free from chloride ions and after a further 
dialysis for several hours against a fresh portion of conductivity 
water, the contents of the dialysis sacs were clarified by centrifu- 
gation (a faint turbidity usually being in evidence) and lyo- 
philized. In this latter procedure the solutions were shell- 
frozen, and dried in a vacuum from the frozen state. 
Recoveries after dialysis were determined by the turbidimetric 
procedure subsequent to the addition of trichloroacetic acid to 
aliquet portions. As regards the preparation reported upon in 
Fig. 4 (although it is not the same chromatographic material as 
the preparations cited above) recoveries of the fractions in per- 


7 Unfortunately, the histone sulfates used in the experiments 
illustrated in Figs. 1 and 4 were of two different batches. Ina later 
experiment, the batch used in the former experiment (Fig. 1) 
was reprocessed on the large column with a load of 2 gm. instead 
of 3 gm. With this smaller load Fraction II was eluted with a 
pronounced shoulder ahead of the main fraction, which indicates 
the partial resolution of Fraction II. Depletion of our supply of 
the preparation represented in Fig. 4 made it impossible for us 
to use this in a 2- or 3-gm. load. 


XUM 


The symbols have the 


centage were as follows: Fraction I (a + b), 99; Ie, 74; Ila, 81; 
IIb, 97; IIc, 62; and III + IV, 75. Since Fractions I (a + b) 
and IIb were the largest it is not surprising that the recoveries 
were greater than with those fractions in which the protein 
content of the dialyzing fluid was much lower. It is strongly 
indicated on the basis of this single experiment that enzymatic 
degradation during dialysis is negligible in the case of histone 
Fractions I (a + b) and IIb. 

In another experiment which was performed under the general 
conditions described by Bakay et al. (19), i.e. at pH 2.6 and with 
NoJax casings (CSG., Visking Corporation), we experienced, as 
did the authors mentioned, rather serious losses of up to 40 per 
cent. 

Recovery of Histone from Chromatographic Column—An im- 
portant consideration in any procedure for the chromatographic 
resolution of a protein is whether or not the applied protein may 
be quantitatively recovered from the column. In order to 
obtain an answer to this question we collected the entire eluate 
from the analytical column (1 X 25 cm.)* and determined the pro- 
tein content by the turbidimetric technique. Specifically, 30 mg. 
of whole histone sulfate were dissolved in 1 ml. of 7 per cent guani- 
dinium chloride in phosphate buffer at pH 6.8. One sample of 
0.300 ml. was applied to the column, and two other samples of 
0.300 ml. each were introduced into two test tubes (B and C). 
The two latter portions were stored at 2°. The histone on the 


8 The ultraviolet blanks of 0.020 to 0.030 and the turbidity 
blanks of about 0.010 were found to be the same for the analytical 
columns as for the preparative columns. 

The purified guanidinium chloride appears to retain a small 
amount of ultraviolet absorbing material. This is adsorbed on 
the column at low concentrations of guanidinium chloride but is 
eluted at high concentrations (40 to 60 per cent) of guanidinium 
chloride. It thereby elutes with, and after, the terminal fraction 
and contributes to high blanks for the terminal fractions (note 
especially Fig. 2). Since the magnitude of such high blanks can- 
not be determined, corrections have not been made of the ultra- 
violet readings after high concentrations of guanidinium chloride 
appeared in the eluates. Otherwise ultraviolet blanks of 0.020 
to 0.030 were routinely subtracted. 
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TaBLeE I 
Terminal groups of fractions from calf thymus histone 





Fraction I Fraction Ic | 





Amino acids 


N-terminal* | C-terminalt|N-terminal* 








| Sept. 26 | 
| 

Leucine(s).............. | trace 0 0.9 0.05 | 
Valine........ err eo | 0 | 3.1 0.09 | 
Valyllysine. ... | 0.28 | 0 | a2 18 
Alanine........ | 0.03 0.02 | 1.7 1.72 | 
Glycine....... | trace | O11 | 0.2 | 0.01 | 
Proline. ..... ....) trace 0 | 1.8f | trace | 
Serine. ...... 0.06 0.09 | 1.0 | 0 | 
Threonine.... | 0 | 0 0 | O 
See 0.73 | 0 | 0 

(Others)... ... oe es | 0 | 0 0 
Total...... | 1.03§ | 0.95§ 9.9 | 0.949 | 
| | 
Minimal molecular | | | | 
weight compatible | | | | 
with these data.....| 7,600 | 8,100 | 11,000 | 17,000 | 











| N-terminal* 


Fraction II 


Fraction III | Fraction IV 


| | 





|C-terminalt N-terminal* 





C-terminalt |N-terminal* | C-terminal} 





Nov. 19 | Dec. 2 | | | 
oe Ae VaR <1 a eran ee, a. 
0.11 | 0.02 | 0 trae | 0 | 0.3 0 
0.20 | 0.02 | 0 0 0 | 0 | 0 
0 | O 0 0 | O 0 | 9 
0.12 0.98 | 0.03 | 3.2 0 3.7 0 
0.07 0.04 1.89 | O 5.1 0 3.4 
1.28t 0.74 0 2.5t 0 1.8t 0 
0.12 | 0.02 0.15 0 0 0 0 
0 | 0 0.09 | 0 0 | 0 0 
0 0 0 0 0 0 0 
0 0 | 0 0 0.9 0.1 1.6 
0.959 0.919 | 1.084 5.7|| 6 .0)\ 4.9)| 5.0) 
| | 
17,000 | 17,500 | 15,000 18,000 | 





* The DNP-method was used: hydrolysis for 5 hours at 105° + 
t Hydrazinolysis was for 5 hours at 105° + 5°. 





17,000 | 21,000 20,000 


5° in a 1:1 12 Nn HCl-acetie acid mixture. 


¢ Hydrolysis was for 1.5 hours only (almost total destruction in 5 hours). 


§ The results are in moles per 7,700 gm. 
|| The results are in moles per 105 gm. 
§ The results are in moles per 16,000 gm. 


column (which had previously been equilibrated with 7 per cent 
guanidinium chloride in phosphate buffer) was chromatographed 
by use of a concentration gradient of guanidinium chloride 
established by 30 ml. of 7 per cent solution in the mixing vessel 
and 14 per cent in the reservoir. A flow rate of about 4 ml. per 
hour was established. 

When 64 ml. of effluent had been collected, i.e. after histone 
Fractions I and II had emerged, gradient elution was discontinued 
and 40 per cent guanidinium chloride in buffer was applied to 
the column. Elution was terminated when the total volume of 
effluent reached 87.5 ml., since a test of the next milliliter or so 
revealed that the effluent was protein-free. These conditions 
are exactly the same as those that prevail in a typical fractiona- 
tion, although in this instance the several fractions were not 
separately collected. 

After thorough mixing of the eluate (guanidinium chloride 
concentration, 13 per cent) protein determinations were made 
with the use of six samples of 0.5 ml. each. The six samples 
gave readings of 0.116 to 0.129 and averaged 0.121. The con- 
tents of Tubes B and C were then each diluted to 87.5 ml. by 
means of 0.1 m buffer at pH 6.8 for Tube B and 13 per cent 
guanidinium chloride in buffer for Tube C. After thorough 
mixing, six samples were withdrawn from each tube, and the 
protein content of each was determined, as in the column eluate, 
by means of the trichloroacetic acid-turbidimetric procedure. 
Average readings of 0.119 (0.110 to 0.125) and 0.122 (0.120 to 
0.127) were obtained for Tubes B and C, respectively. From 
these results it can be concluded that recovery of the applied 
histone is complete. 

Relative Amounts of Several Histones Present in Whole Histone— 
In seven experiments dating from August 8, 1957 to March 18, 


1958, an average of 25 per cent (21 to 29 per cent) of the re- 
covered histone was eluted as Fraction I, 59 per cent (48 to 71 
per cent) as Fraction II, and 15 per cent (5.7 to 20 per cent) as 
the unresolved terminal fraction (designated Fraction III + 
IV). The percentages of these distributions were derived from 
the areas under the trichloroacetic acid turbidity curves. 

End Group Determinations—Samples of the histone or of 
various fractions (100 mg.) were dinitrophenylated, with es- 
sentially the Sanger technique (NaHCO; as the base with FDB* 
in methanol solution for 10 hours at room temperature in the 
dark, during which time the concentration of FDB in the reac- 
tion mixture was maintained at more than 1 per cent). Upon 
acidification with Nn HCl (pH, 0 to 1), the mixture was extracted 
five times with peroxide-free ether. The ether extracts so ob- 
tained were uniformly free from DNP-amino acids, a fact that 
provides evidence that none of the acids was liberated during 
the reaction with FDB (20, 21). The residue was washed further 
with water,’ methanol, and ether, and then it was centrifuged 
and dried overnight in a vacuum desiccator. The moisture 


® The abbreviations used are: FDB, fluoro-2,4-dinitrobenzene; 
DNP, dinitrophenyl. 

10 The method that Phillips (14) used for the FDB reaction on 
histone did not include the addition of aleohol. Under such cir- 
cumstances the concentration of FDB in solution, to which the ve- 
locity of dinitrophenylation is proportional, would be very low 
(<0.05 per cent). Phillips also mentioned that the DNP-histone 
should be washed with n HCl and centrifuged, a procedure which 
failed to give a clear supernatant fluid. The aqueous supernatant 
fluids obtained in our experiments were quite clear. It seems to 
us that dinitrophenylation in the experiments performed by 
Phillips would have been incomplete under the conditions he 
used, and this may account for his failure to find valine or valyl- 
lysine as N-terminal residues in histone. 
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content of the final product was approximately 11 per cent, and 
the ash content was less than 2 per cent. Portions of 30 to 100 
mg. were hydrolyzed at 105° for 1.5 to 20 hours in a 1:1 mixture 
of 12 N HCl and acetic acid. The DNP-amino acids were 
fractionated with ether and a tale column in the usual way (22), 
dinitrophenol being removed by sublimation. The DNP-amino 
acids were identified by paper chromatography, with the use of 
n-butanol saturated with 0.1 per cent ammonia and 1.5 m phos- 
phate at pH 6 as the two solvents (14, 23). For quantitative 
determinations the yellow spots were eluted separately with warm 
water, and the optical density at 360 my (385 my for DNP- 
proline) was determined for each extract (24). The amount of 
each amino acid was calculated by the homologue dilution 
method (25) with DNP-aspartic acid as the marker. The 
rates of destruction of the DNP-amino acids were assumed to 
be equal," with the exception of that of DNP-proline of which, 
after 1.5 hours, only 30 per cent could be recovered as the HC] 
degradation products (a-chloro-5-dinitropheny] valeric acid and 
§-chloro-a-dinitropheny] valeric acid) (14, 26). 

The C-terminal amino acid residues were determined by 
hydrazinolysis at 100-110° for 1 to 15 hours and by paper chro- 
matography of the DNP-amino acids (25). 

The results of these studies are summarized in Table I. From 
these data it is clear that valyllysine’ is N-terminal in his- 
tone Fraction I, with lysine as the principal C-terminal residue. 
In histone Fraction II, alanine and proline are N-terminal, 
with glycine in the C-terminal position. Histone Fractions 
III and IV, likewise, both contain alanine and proline in the 
N-terminal position, with glycine as the principal C-terminal 
residue. 

In an earlier publication from this laboratory (8) it was re- 
ported that alanine, valine, glycine, and leucine were found to 
be N-terminal when whole histone was used as the starting 
material. The presence of a small amount of a histone with 
leucine in the N-terminal position is confirmed by the present 
study because a fraction, designated as Ic, with arbitrarily 
defined boundaries between histone Fractions I and II was 
found to contain an appreciable amount of N-terminal 
leucine and serine and a small amount of N-terminal glycine. 
Valine, valyllysine, alanine, and proline were also present as 
N-terminal residues in this fraction, as would be expected from 
its contiguity to Fractions I and II, respectively. The origin of 
the DNP-glycine present after dinitrophenylation and hydroly- 
sis of DNP-whole histone is not yet satisfactorily explained. 
We believe that some of this compound may arise from destruc- 
tion of DNP-adenine which, as nucleic acid, is present to a small 
extent as a contaminant in whole histone preparations and is 
eluted with the hold-up volume. 

Amino Acid Composition of Histone Fractions I and II— 
Although it later became evident that histone Fractions I and II 
were heterogeneous we thought it would be of some interest to 
determine whether these fractions, as obtained in the type of 
experiment illustrated by Fig. 1, were actually lysine-rich and 
arginine-rich, respectively, and whether, also, they approximated 
in composition histone Fractions A and B, respectively, of 


11 DNP-glycine is more labile than the other DNP-amino acids, 
but a correction for loss of the substance was not made. 

2 In addition, there is the possibility that valyl-X is also 
N-terminal (where X is an undetermined amino acid residue, and 
the peptide bond between DNP-valine and X is hydrolyzed 
rather easily, in comparison to the bond between DNP-valine 
and lysine). 
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Crampton et al. (7). Amino acid analyses were made by hy- 
drolysis of the samples in sealed tubes with 6 N HCl at 110° for 
20 hours, dinitrophenylation of the mixture, and resolution by 
two-dimensional chromatography on paper with the use of n-bu- 
tanol saturated with 0.1 per cent ammonia and 1.5 m phosphate 
buffer of pH 6 as the two solvents. The spots were separately 
eluted with water, and the optical density of each extract was 
determined as previously described. Results that were repro- 
ducible to +5 per cent were readily obtained. Several aspects 
of the procedure for protein analysis by this method have been 
discussed in, or may be inferred from, the review by Fraenkel- 
Conrat et al. (23). The results, as summarized in Table II, 
are in approximate agreement with those reported by Crampton 
et al. (7) for histone Fractions A and B, respectively. In com- 
parison with the lysine-rich histone reported by Daly and Mirsky, 
our histone Fraction I contained 50 per cent more alanine, 40 
per cent less arginine, 10 per cent less lysine, 50 per cent more 
threonine, and 33 per cent more valine. As regards the argi- 
nine-rich histone of Daly and Mirsky, our histone Fraction II 
contained 25 per cent less arginine, 60 per cent more histidine, 
and 100 per cent more valine. 

Heterogeneity of Histone Fractions I to 1V—From sedimenta- 
tion data and osmotic pressure determinations, we concluded 
tentatively that the histone Fraction I had a molecular weight of 
9,000 to 11,000. The arginine content is compatible with the 


TABLE II 
Amino acid composition of histone fractions 








Amino acid nitrogen as percentage of total protein 
. : nitrogen 
Amino acids 








Fraction I* | Fraction At || Fraction It | Fraction Bt 
Alanine... ite 19.5 | 7.5 7.6 
Amide nitrogen... | 1.8 1.7§ | 3.1 4.4§ 
Arginine. ... 4.8 5.1 | 20.6 27.6 
Aspartic acid | 1.3 15 | 3.9 3.5 
Cystine-cysteine. | O 0 | O 0.2 
Glutamic acid.......| 2.6 2.4 | 6.3 5.9 
Glycine. 5.2 5.0 6.4 6.2 
Histidine | 0.15 0 5.9 4.7 
Isoleucine . : | 0.7 3.5 
Leucine | \s.6 3.1 /8.9 5.8 
Lysine... | 40.7 42.4 | 15.5 16.4 
Methionine | <0.05 | 0 | 0.4 0.6 
Phenylalanine . 0.55 0.35 | 1.3 1.2 
Proline it ae 70 | 2.5 2.7 
Serine a 5.1 4.8 | 3.0 3.7 
Threonine 4.5 4.3 | 4.4 3.9 
Tyrosine | 0.34 omy 684 Be 
Valine. . | 4.3 3.6 | 5.4 | 4.6 
| 
Total : | 100.5 101.8 | 96.6 104.5 


ssa | Rescate 

* Fraction prepared on December 2, 1957; 18.6 per cent nitrogen 
(air dry). 

+ Fraction prepared by Crampton, Stein, and Moore (7); for 
histone Fraction A the amino acid values presented in the first 
four columns of Table II (7) have been averaged. For histone 
Fraction B averages have been taken of values in the first six 
columns of Table III (7). 

t Fraction prepared on December 2, 1957; 19.4 per cent nitro- 
gen (air dry). 

§ Data from report of Crampton, Moore, and Stein (6). 
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presence of about 1.5 arginine residues per mole of protein. 
We found that if Fraction I is partially hydrolyzed with trypsin 
the arginine is present in at least three different peptides, 7.e. 
Ala. Arg, Lys.Arg, and Gly.Arg. The presence of at least 
three different constituents in Fraction I was thereby indi- 
cated and was confirmed by several chromatographic fractiona- 
tions in which Fraction I emerged with a separation in the peak 
of the boundary, clearly in evidence (ef. Fig. 4). 

As regards Fraction II, the presence of both alanine and pro- 
line as N-terminal residues and the presumed absence of cross- 
linked peptide chains from any histone necessitate the presence 
of at least two histones in this fraction. In support of this 
conclusion are the two humps on either side of the main bound- 
ary of Fraction II (Fig. 4) which suggest that this fraction is 
constituted of at least three components which differ in their 
chromatographic properties. 

The presence of at least two other histones, intermediate in 
position on the chromatogram between Fraction I and II, is 
indicated by the presence of leucine and serine as N-terminal 
residues in the arbitrary fraction designated Fraction Ic. 

Fractions III and IV, which constitute the terminal fractions, 
are shown by ultracentrifugation to be heterogeneous. Whether 
or not these histones are largely aggregates of Fraction II, and 
whether their heterogeneity is in reference to size rather than 
composition has not yet been determined. It is at least certain 
that conditions conducive to aggregation of Fraction II increase 
the yield of Fractions ITT and IV and doso at the expense of Frac- 
tion IT. \ 

Two other fractions, small in amount and hitherto not isolated 
for further study, emerge between the hold-up volume and 
Fraction I. 

It is thus apparent that calf thymus histone is a mixture of at 
least 10 or 11 histones, exclusive of those additional components 
that are responsible for the heterogeneity of Fractions III and 
IV. Asa consequence of the fact that Fractions I and II have 
not yet been fully resolved, we are inclined to attach little 
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significance to the studies of molecular weight. From the eyi- 
dence available, however, it seems reasonably certain that the 
components of Fraction I do not exceed 10,000 in molecular 
weight. Similar evidence (sedimentation and end group 
analysis) suggests that the components of Fraction II are of 
18,000 to 20,000 in molecular weight. 


SUMMARY 


Calf thymus histone has been partially resolved by column 
chromatography on Amberlite IRC-50 into four principal frac- 
tions, each of which is still heterogeneous. Resolution was 
achieved by elution with guanidinium chloride in a suitable 
concentration gradient at a pH of 6.8. 

Amino acid composition data for histone Fractions I and II are 
presented, together with end group analyses for some of the 
fractions. 

Fraction I, although heterogeneous, contains valine or valyl- 
lysine or both in the N-terminal position and lysine in the 
C-terminal position. Fraction II contains alanine or proline 
or both as the N-terminal residues and glycine as the C-terminal 
residue. 
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Evidence for the occurrence of iron and certain other trace 
elements in purified preparations of tobacco mosaic virus has 
been presented by Loring and Waritz (1). A considerable varia- 
tion in the iron content of the virus was found under different 
conditions, but in no case in which virus activity was retained 
was it possible to reduce the iron content to less than approxi- 
mately 20 wg. per gm. of virus. In addition, analysis of the 
virus nucleic acid for iron showed a 20-fold increase in the con- 
centration of this element in the nucleic acid, an observation in 
consistency with the concentration to be expected if the iron 
were gn integral component of the virus nucleic acid rather than 
of the virus protein. 

Further study and modification of the method of analysis for 
traces of iron have eliminated most of the variations found pre- 
viously, and application to other virus preparations has provided 
a relatively constant and reproducible value for the iron content 
of the ultracentrifugally purified virus. In addition, it was of 
interest to analyze virus nucleates prepared essentially by the 
methods of Fraenkel-Conrat et al. (2) and of Gierer and Schramm 
(3), nucleates that are reported to be infectious and largely free 
from protein. 

This paper presents the more recent data for the iron composi- 
tion of the virus and of its infectious nucleates. A number of 
properties of the two types of nucleates, including their specific 
infectivities, ultraviolet absorption spectra, and evidence for 
inhomogeneity are given. The significance of these results in 
relation to iron composition and ribonucleic acid structure is dis- 
cussed. 


EXPERIMENTAL 


Virus Samples—The virus samples were obtained from Turkish 
tobacco plants which were grown throughout the year in 4-inch 
pots in a heated glasshouse and which were inoculated when 
they were 3 to 5 inches tall with the common strain of tobacco 
mosaic virus. The plants were harvested at 1 to 2 months after 
inoculation, and the virus in the clarified juice was processed 
either by 3 ultracentrifugal cycles in a Spinco model L ultra- 
centrifuge (Method 1 (4)), or by a preliminary precipitation with 
(NH,)2S0, (5) followed by 2 or 3 ultracentrifugal purification 
cycles (Method 2). The precipitated virus in the latter instances 
was redissolved in 1 per cent NasHPO,, and the sedimented 
pellets, in sufficient deionized water, subsequently distilled from 
alkaline permanganate, to give 2 to 3 per cent solutions which 
were either stored in a refrigerator or lyophilized. Virus con- 


* Aided by research grants from the American Cancer Society 
(Grant No. E-31) and the National Heart Institute, United States 
Public Health Service (Grant No. H 1938). 


centration was estimated from optical density measurements at 
265 my (6), an absorbance of 3.3 per mg. in 0.01 m sodium or 
potassium phosphate buffer at pH 7 being used. 

Method of Iron Analysis—In the earlier analyses (1, 7), the 
lyophilized virus was ashed directly in silica crucibles. The 
ash was dissolved in 0.1 N HCl and analyzed for iron by the 
method of Bandemer and Schaible (8) which was adapted to a 
2-ml. scale. Highly variable results were observed in some in- 
stances, and in later analyses the difficulties were correlated, 
at least in part, with samples prepared by ultracentrifugation 
after an initial precipitation with (NH,).S8O,. Various modi- 
fications of the original ashing procedure were used in attempts 
to eliminate the variations. Experiments with additions of 
NaOH (9) and NaHCO; (10), made before ashing in a muffle 
furnace at 550°, showed good recoveries of iron, particularly 
where NaHCO; was added, and this procedure was used in 
general. If a quantity of NaHCO, equal to that used for the 
virus sample was heated under the above conditions and its iron 
content determined as a reagent blank, higher values were usually 
found than those for the same amount analyzed without heating. 
Apparently small amounts of materials chromogenic with o-phen- 
anthroline were removed from the crucible! under the conditions 
of the blank which were more alkaline in the absence of the buffer- 
ing effect of phosphates and other anionic materials present in 
the virus samples. 

The detailed analytical procedures used for most of the anal- 
yses were as follows. An amount of lyophilized virus, 0.3 to 
0.7 gm., or a volume of virus solution containing about 6 ug. of 
Fe was mixed with 1 ml. of 1 m NaHCO; in a silica crucible or in 
a 50-ml. Pyrex tube, and the sample was dried and charred by 
heating for 4 to 5 hours under a 250-watt infrared lamp. The 
sample was ashed in a muffle furnace at 550° (until free from 
carbon) and the residue was dissolved by heating for about 4 
hour at 90 to 100° in 1.5 ml. of 1 Ny HCl. The solution and 1 N 
HCI rinsings were transferred quantitatively to a 2-ml. graduated 
tube; 500-ul. aliquots were then transferred to 2-ml. graduated 
tubes and treated consecutively with 200 ul. of 1 per cent hydro- 
quinone, 100 yl. of 0.25 per cent o-phenanthroline and 300 ul. 
of 25 per cent sodium citrate dihydrate. The solution was di- 
luted to volume (pH 3.5 to 4.0) and heated at 50-60° for 1 hour 
before optical density readings were taken at 510 my in compari- 
son with a standard treated similarly and containing 1 to 2 yg. 


1 Although both silica and porcelain crucibles are recommended 
for the ashing of biological materials for iron analyses (11), we 
have found the latter to be unsuitable when alkali is used. Color 
values comparable to 1 to 5ug. of Fe were given by reagent blanks 
prepared from 1 m.Eq. of NaHCO, or NaOH heated in porcelain 
crucibles at 550° for varying lengths of time. 
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TABLE | 
Tron content of different virus samples 














Meth- Fe 
Dates of a Weight of sample and ashing content Fe:P 
preparation ‘aca- proceduret per 1 
tion* _ 
mg. mg./gm. 
July 15, 1956} 1 | 0.55 gm. + 0.2 m.eq. NaOH, Br 
13 hrs. 
November 27,| 2 | 0.36 gm.+ 1m.eq. NaHCO;, 1.9 
1956 45 hrs. 
February 21,| 2 | 0.35 gm. + 0.2 m.eq. NaOH, 1.5 2.6 
1957 13 hrs. 
February 21,| 2 | 0.72gm.+1m.eq. NaHCO;, 1.7 2.9 
1957 26 hrs. 
June 17,1957t] 1 | 0.46gm. + 1m.eq. NaHCO;, 1.3 2.3 
60 hrs. 
June 17, 1957} 1 | 0.40gm.+ 1m.eq. NaHCO, 1.3 2.4 
60 hrs. 
June 17, 1957} 2 | 0.40gm.+ 1m.eq. NaHCO;, 0.9 1.6 
46 hrs. 
January 3,} 2 | 0.39gm.+1m.eq. NaHCOs, 1.4 2.7 
1958§ 150 hrs. 
May 2, 1958 1 | 0.72 gm. + 1m.eq. NaHCOs;, 1.6 3.0 
100 hrs. 
Ne each lec rsc pie 58 metre we'd ons pyle is. Aeaipnsia tam 1.5 2.6 
Probable @rror....... 0.22.62. t ee cee: +0.1 | +0.1 
95% confidence interval...................... +0.2 | +0.4 











* See text for description of methods. All samples were proc- 
essed by 3 ultracentrifugal cycles except the one of January 3, 
1958, which was subjected to 2 cycles. 

+ Amounts of lyophilized virus shown were heated at 550° in 
a muffle furnace with the indicated amounts of alkali or bicar- 
bonate for the times shown. The values given are the averages 
found when from one to three aliquots of the various samples 
were ashed. 

¢t This sample was prepared from plants grown outdoors. 

§ In this case the virus in aqueous solution was ashed in Pyrex 
tubes. 





of Fe as Fe SO,-(NH,)2SO,-6H,O. Suitable reagent blanks 
were run with each group of analyses. In some instances, the 
entire ashed sample dissolved in 0.5 ml. of 3 N HCl was treated 
with the reagents mentioned and compared with a standard 
containing 4 wg. Fe. Similar procedures were used for the nu- 
cleic acid samples. 


RESULTS 


Iron Content of Different Virus Samples—The analytical re- 
sults for four virus samples prepared by differential centrifuga- 
tion and for five samples subjected to ultracentrifugation after a 
preliminary precipitation with (NH,)2SO, are summarized in 
Table I together with other pertinent data on the amount of 
sample ashed and the respective ashing procedures used. The 
iron content is expressed both in mg. per 100 gm. and as mg. per 
gm. of virus phosphorus (12).2 Most of the values fall in the 


2 Lyophilized virus contains approximately 0.47 per cent of 
phosphorus (13) as compared to 0.53 per cent for extensively dried 
samples (14). The lower value is in agreement with the presence 
of about 11 per cent moisture in such samples. The yield of 
lyophilized virus likewise agreed with that calculated from optical 
density measurements in water with use of the conversion factor 
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range of 1.3 to 1.7 mg./100 gm. with an average of 1.5. The 
probable error of the mean and the 95 per cent confidence in- 
terval were calculated and found to be 0.1 and 0.2 respectively, 

Nitrogen, Phosphate, and Iron Contents of Nucleic Acid Prep. 
arations—The virus nucleic acid was prepared (a) by procedures 
based on those of Fraenkel-Conrat et al., employing sodium 
dodecyl sulfate (2) and (6) by procedures based on those of 
Gierer and Schramm, employing phenol (3). The former 
samples are designated SDS-nucleate’ and the latter phenol- 
nucleate. Sodium phosphate, 0.002 m at pH 7, was used as the 
solvent in the first case, instead of deionized water, and the solid 
sample was obtained by the addition of 2 volumes of absolute 
alcohol to the aqueous solution. The precipitate, after being 
washed with alcohol and ether, was redissolved in sufficient buffer 
to give approximately a 0.4 per cent solution. It was again pre- 
cipitated with alcohol, and the process was repeated a third time. 
The precipitates thus obtained, samples of April 9 and June 14 as 
listed in Table II, were dried in a vacuum at room temperature, 
for 8 hours in the first instance and for 2 hours in the second in- 
stance before being stored at —20°. Weighed amounts of these 
samples in deionized water were used for nitrogen (15) and phos- 
phate (12) analyses, and for absorbance measurements in water. 
Other weighed samples were used for absorbance measurements 
in phosphate and for iron analyses. The moisture content of 
these samples was determined by drying them overnight at 100° 
and ranged from 4.6 to 13.2 per cent. Calculation of absorban- 
cies per mg. at 258 my on a dry weight basis gave values of 25.1 
and 27.2 in water and of 24.1 and 24.9 in phosphate. Average 
values of 26.2 and 24.5 in the respective solvents were used to 
calculate the nucleate concentrations in cases in which the dry 
weight was not determined. 

The phenol-nucleate samples were prepared by shaking a 10 
per cent virus solution in 0.01 m phosphate at pH 7 for a total of 
30 minutes (three 5-minute periods and one 15-minute period) 
with four equal portions of aqueous phenol, instead of for a total 
of 12 minutes with three extractions by phenol. Four rather 
than three ether extractions were used to remove phenol. After 
the phenol and ether extractions, the pH of the aqueous layer 
decreased to 6, and the resulting cold phenol-nucleate solutions 
were used immediately for absorbancy and activity measure- 
ments. Nucleate concentration was calculated from the aver- 
age absorbancy values given above for the dry SDS-nucleate 
samples. 

The analytical data found for the two types of nucleic acid 
preparations are presented in Table II. The SDS-nucleate gave 
nitrogen and phosphate contents comparable to other samples of 
sodium ribonucleate, but the nitrogen to phosphate ratios were 
somewhat higher than the ratio, 1.71, calculated from the purine, 
pyrimidine, and phosphorus composition found experimentally 
(12). Accordingly, it was evident that small amounts of other 
nitrogenous components, probably protein, were present in these 
preparations as indicated previously by Fraenkel-Conrat et al. 
(2). The iron content of the two SDS-nucleate samples ana- 
lyzed was comparable to that found for the virus, although the 
variation was greater. The iron to phosphate ratio, however, 
was much smaller, being only approximately 10 per cent of that 
found for the virus. The iron to phosphate ratio of the phenol- 
nucleate was estimated from the iron and nucleate contents of the 





of 3.3 optical density units per mg. at 265 my (6) and on the as- 
sumption of a moisture content of 11 per cent. 
3 The abbreviation used is: SDS, sodium dodecyl sulfate. 
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solution as prepared in phosphate buffer. The value of 1.0 was 
in agreement with either the presence in this nucleic acid of larger 
amounts of iron or, more probably, the occurrence of appreciable 
amounts of unbound iron in the solution which remained after 
phenol and ether extractions. 

Absorption Spectra—The absorption spectra of SDS-nucleate 
preparation of June 14th in water and in 0.002 m phosphate, and 
of two phenol-nucleate preparations in water are shown in Fig. 
1. Absorptivity of the SDS sample was plotted per mole of 
phosphate, and the same value was assumed for the phenol- 
nucleate. Maximal to minimal absorbance ratios (at 258 mu 
and 230 muy, respectively) of approximately 3.0 were found for 
the SDS-nucleate in water, a figure in agreement with the value 
reported by Fraenkel-Conrat and Williams (16). When an 
aqueous solution of this nucleate was made 0.01 mM with respect 
to MgSO, at pH 7, or 0.005 m with respect to FeSO,-(NH4).SO; 
at pH 4.3, the maximum to minimum ratio in each case decreased 
to 2.4. Ratios for the phenol-nucleate solutions showed more 
variation and were significantly lower, ranging from about 2.3 
to2.7. Both types of preparation gave lower ratios in phosphate. 
The presence of larger amounts of iron (and probably magne- 
sium) in the phenol-nucleate buffer solutions examined may 
explain, at least in part, the lower maximum to minimum ratios.‘ 
Of some additional interest is the hyperchromic effect of dilution 
with water, and the molar absorptivity of 1.06 x 10‘ as compared 
with 9.6 10° in 0.002 m phosphate. These relatively ‘‘native” 
ribonucleate preparations thus show a “denaturation” phenome- 
non in water comparable to similar well known effects with DNA, 
but it was not determined whether such a ‘denaturation’ might 
be responsible for the lower infectivities found when distilled 
water rather than buffer is used for the inoculation solution. 

Specific Infectivities*—The infectivity of each nucleate sample 
was determined by inoculation of the right or left halves of 7 to 
25 leaves, 2 or 4 plants, of Nicotiana glutinosa with an ice-cold 
nucleate solution in comparison with a standard freshly prepared 
virus solution rubbed on the opposite halves of the same leaves 


‘ The assumption that the absorption maxima of the two prep- 
arations were the same was made to allow their comparison when 
estimations of phenol-nucleate phosphate from the difference be- 
tween total and inorganic phosphate gave unusually high values. 
It is probable, because of the effect of divalent metals in decreas- 
ing absorbance of nucleate solutions at 260 my, that the assumed 
value is 10 to 15 per cent too high (17, 18). 

5 Specific infectivity is defined as the per cent by weight of 
original virus that would have to be present in a noninfectious 
nucleic acid sample to account for the number of lesions found 
per half-leaf at the nucleate concentration tested. A nucleate 
solution having an absorbancy of 5 in 0.002 m or 0.01 m phosphate 
at 258 mp (0.2 mg. per ml.) and giving the same number of lesions 
per half-leaf as a virus solution of 0.01 absorbancy at 265 my in 
phosphate (0.003 mg. per ml.) would therefore have a specific 
infectivity of 1.5 percent. As the numbers of lesions per half-leaf 
for the two solutions were usually slightly different, the weight 
percentage value was corrected by multiplying by the ratio of 
the number of lesions for the nucleate to that for the virus. Such 
a correction factor is probably valid for ratios varying only 
moderately from unity e.g. 0.8 to 1.2. In cases where the ratio 
of numbers of lesions is relatively small e.g. 1:3 or relatively large 
e.g. 3:1, the calculated specific activities are probably too high 
or too low respectively by a two-fold or three-fold factor (19). 
The mean specific infectivity was calculated from the sum of the 
specific infectivities per half-leaf in each test and the number of 
half-leaves used. Since the mean specific infectivity thus calcu- 
lated includes the variation among leaves, it was considered a 
better statistical quantity than specific infectivity calculated 
from the average number of lesions per half-leaf. 
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TaBie II 
Yields, and nitrogen, phosphate, and iron contents 
of different nucleic acid preparations 
. | | | 
: Yield | | | 
P. f > F z 
went | | | P| Sem | oP | ee 
— a | % | % | % = ali as/en. 
SDS-nucleate 
March 8.. 5.5¢ | 15.8f | 
March 26 5.9t 
April 9. | 8.2 14.1 | 7.4 2.1 1.9 | 0.29 
June 14........| 3.9 uF 1.7.9 1.2 1.8 | 0.15 
Phenol-nucleate 
March 20.... 3.9t | 15.8t | 7.6 1.0 








* Virus samples except that used for SDS-nucleate of June 14th 
were prepared during 1958 by Method 2 (see text). Samples of 
March 8th and 26th were prepared by two precipitations from 
alcohol; the sample of April 9th was prepared from the one of 
March 26th after storage at —20° for about 2 weeks, by precipi- 
tation for a third time with alcohol; the sample of June 14 was 
obtained after three precipitations with alcohol. 

1 The yield for these SDS-nucleate samples was calculated from 
an absorbance at 258 my of 24.5 per mg. in 0.002 m phosphate at 
pH 7. The yield for the phenol-nucleate sample was calculated 
from an absorbance at 258 my of 26.2 per mg. in water. The nitro- 
gen contents were calculated on a percentage basis similarly. 
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Fic. 1. Absorption spectra of SDS- and phenol-nucleates. @, 
SDS-nucleates in water; O, in 0.005 m phosphate; © and @ phenol- 
nucleate in water. 





(19). The virus and nucleate solutions were usually diluted 
with 0.01 m phosphate to give absorbancies at 265 my and 258 
mu of 0.01 and from 4 to 8, respectively. From 10 to 40 lesions 
per half-leaf were usually found for both the virus and nucleate 
solutions under the conditions of the test. 

The number of leaves, the average number of lesions per half- 
leaf in each test, and the respective mean specific infectivities of 
the nucleate solutions, both freshly prepared and after storage 
for 24 hours at 4°, are shown in Table III. The mean specific 
infectivities for three samples of SDS-nucleate without extensive 
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TaB_e III 
Mean specific infectivities of different nucleate preparations 


The concentrations of nucleate and virus solutions inoculated, 
expressed as absorbancies at 258 my and 265 my, ranged from 4 to 
14 and from 0.01 to 0.03 respectively. Samples with the same 
dates as the dates in Table II refer to the same preparations. 
Samples of May 21st and June 25th were prepared on these dates 
from the same virus purified by Method 1. Samples of May 31st 
and June 12th were prepared similarly from another virus sample. 
The sample of April 9 was tested for infectivity after extensive 
drying as described in the text. The activity of this sample is 
not included in the mean value. 



























































Freshly prepared After 24 hrs. at 4° 
: Average No. © Average No. 3 
diferent dates vege 3 spect per hall leaf 3 owe 
3 meee % tee. 
RNA | Virus | 3 "Y | RNA | Virus % 
SDS-nucleate 
March 8 38 110 | 14 | 1.3 | 
March 26 4.5| 11]14]1.8 | 
April 9 3.9| 13|13|0.4| 2.7| 9.7| 7] 0.4 
June 14 70 54 | 22 | 2.2 | 39 34 | 22 | 1.6 
Mean + 95% confidence interval, 
1.8 + 0.3 
Phenol- | | | 
nucleate i | 
March 20 14 32 12/1.0} 4.6 | 13 8 | 1.1 
22 28 | 10 | 1.0 | 29 10 11 2.4 
May 21 8 | “1 «ee | 34 | 19 9| 2.5 
June 25 56 | 47|25)1.2)12 | 10 |19| 1.5 
May 31 14 6 | «18/11 | 1.2 | | 
Junel2 ~ |18 | 19/22/1.2/26 |33 | 141] 0.9 
Mean + 95% confidence interval, Mean + 95% confidence 
11+0.1 | interval, 1.6 + 0.3 





drying and for five phenol-nucleate samples were 1.8 and 1.1, 
respectively, with 95 per cent confidence intervals of 0.3 and 0.1. 
The average value for the SDS-nucleate is comparable to that 
calculated similarly for the most infectious sample from the data 
of Fraenkel-Conrat et al. (2), and is closely comparable to the 
average value, 2.2, for phenol-nucleate calculated by a similar 
method by Gierer and Schramm (3). Our samples of phenol- 
nucleate, however, appeared less infectious than those of the 
latter workers. 

In order to determine whether the differences between the two 
types of preparations could be considered significant, the 95 per 
cent confidence interval of the difference between the two mean 
specific infectivities was examined by the two-sample ¢ test (20). 
A comparison of the difference, 0.7, with its 95 per cent confi- 
dence interval, +0.3, indicates that the SDS-nucleate was sig- 
nificantly more infectious at the 0.05 probability level than the 
nucleate prepared with phenol. 

The specific infectivities found after 24 hours were also com- 
pared with those of the freshly prepared samples by the two- 
sample ¢ test. In approximately half the experiments no signifi- 
cant changes in infectivity occurred, which indicated that the 
respective RNA preparations were at least relatively stable under 
the conditions that obtained. In several other instances, how- 
ever, significant increases in infectivity appeared to occur after 
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24 hours. A comparison of the difference between the mean 
infectivities of all of the freshly prepared and the 24-hour phenol- 
nucleate samples, 0.5, with its 95 per cent confidence interval, 
0.3, by the two-sample ¢ test showed the difference to be signifi- 
cant. 

Both types of preparations were also tested for infectivity after 
standing, the SDS samples at —20° and the phenol-nucleate 
samples at 4°, for various periods of time up to 2 months. Al- 
though there is an apparent decrease in infectivity after several 
days, and a progressive decrease after longer periods, specific 
infectivities of the order of 0.3 were still found for both types of 
preparations after 2 months. In contrast to previous suggestions 
(2, 3) that the infectious nucleic acid is highly unstable, these 
experiments show that infectivity under the conditions studied 
is at least a relatively stable property of the nucleate prepara- 
tions. As is shown in Table III, the SDS-nucleate sample pre- 
pared on March 26th was dried in a vacuum at room tempera- 
ture for 8 hours and then tested for infectivity. The decrease 
in infectivity from 1.8 to 0.4 is probably significant and indicates 
that infectivity is relatively sensitive to drying. 

Inhomogeneity of Nucleic Acid Preparations—Both types of 
nucleate preparations were centrifuged in 0.01 m phosphate at 
pH 7 for 2 hours at 40,000 r.p.m. (100,000 to 105,000 X g) and 
the upper, lower, and sediment fractions were separated and their 
absorption spectra and specific infectivities were determined. 
By assuming the same absorptivity at 258 my per mole of phos- 
phate for each sample, it was possible to compare the respective 
absorption spectra, as shown in Fig. 2 for the upper and sediment 
fractions from each type of preparation. It can be seen that 
sediment fractions in both cases gave lower maximum to mini- 
mum ratios, 1.8 to 1.9, and upper supernatant fractions gave 
higher ratios, 2.2 to 2.5. It is clear, therefore, that both types 
of preparation contain components with different absorption 
characteristics. ; 

The infectivities of the various fractions were determined, and 
the data on the number of leaves used, the average number of 
lesions per leaf, and the respective mean specific infectivities are 
given in Table IV. The mean differences between the lower and 
sediment fractions of the SDS-nucleate and between the lower 
and original fractions were compared by the two-sample ¢ test 
with their respective 95 per cent confidence intervals. The mean 
difference of 0.8 in each case, in comparison with its confidence 
interval, 0.4 and 0.5, respectively, showed that both the original 
and sediment fractions were more infectious than the lower one. 
Similarly for the phenol-nucleate, the mean difference between 
the upper and lower fractions, 1.0, and between the upper and 
original fractions, 0.5, in comparison with the respective confi- 
dence intervals of 0.4 and 0.3 showed the upper fraction to be 
significantly less infectious at the 0.05 probability level. 

Because of inconsistencies in the activities of the upper, lower, 
and sediment fractions in these experiments, it was not possible 
to correlate infectivity with either components of highest or of 
lowest sedimentation rates. The type of variation found could 
depend on the amount of re-solution of the sediment that oc- 
curred while the centrifuge was being stopped and during removal 
of the fractions. Accordingly, experiments are needed in which 
such factors could be eliminated or minimized. In agreement 
with the differences in absorption spectra mentioned for some of 
these fractions, there appear to be differences in specific infec- 
tivity also. 
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DISCUSSION 


The analytical data for the iron content of ultracentrifugally 
purified tobacco mosaic virus and for that obtained after treat- 
ment with strong ammonium sulfate followed by ultracentrifuga- 
tion provide a fairly consistent value for the amount of this 
element in such virus preparations. Although these results may 
reflect merely the uniformity of the purification procedures used, 
the agreement between the two types of preparations in the 
present experiments in conjunction with the data previously 
published (1) suggest that this metal may be an integral rather 
than an adsorbed virus component. 

Because relatively large amounts of iron, 60 mg. per 100gm., were 
found in virus nucleic acid samples prepared by alkali treatment 
and acid precipitation, it was suggested in the previous publica- 
tion that iron and possibly other trace elements might function 
in nucleic acid macromolecular structure. As shown by the 
present data, however, the three infectious samples analyzed 
contained only from 1 to 8 mg. of iron per 100 gm. It appears, 
therefore, that the more degraded nucleate samples prepared 
with alkali bind more iron than do the infectious nucleate sam- 
ples. The question remains, however, whether the low iron con- 
tents of the infectious nucleates might reflect an almost com- 
plete degradation and loss of iron from a highly infectious but 
unstable nucleate of high molecular weight, possibly represent- 
ing the entire nucleic acid content of a single virus rod w-th a 
molecular weight of about 2.5 xX 10°. If the iron present in the 
virus, about 10 gram atoms per mole, is assumed to bind smaller 
polynucleotide subunits into such a structure by iron chelate 
bonds, possibly between terminal purine or pyrimidine and phos- 
phate groups, there results a value of 10 or 11 such polynucleo- 
tide subunits as the number present in an undegraded nucleic 
acid molecule. It may be, therefore, more than coincidence that 
the value for the molecular weight of such a polynucleotide sub- 
unit, about 250,000, is in fair agreement with that of 300,000 
found by Cohen and Stanley (21) for their least degraded but 
noninfectious nucleate preparations made by heat denaturation. 
A similar argument in the case of magnesium and calcium may 
explain the further decreases in molecular weight which occurred 
when the least degraded preparations were allowed to stand. 
On the basis of these considerations the low infectivity of the 
SDS- and phenol-nucleates could be explained by the presence 
in such preparations of small amounts, e.g. 0.1 per cent, of the 
original undegraded nucleate. The experiments dealing with 
the different specific infectivities and heterogeneity of the SDS- 
and phenol-nucleates appear significant in this respect. 

In his original publication (2) in which an infectious SDS-nu- 
cleate was described, Fraenkel-Conrat et al. suggested that the 
low activity was the result of a decreased efficiency of the nu- 
cleate, as compared to the original virus, in reaching susceptible 
cells. On this basis differences between different nucleate prep- 
arations should not occur when tested under comparable condi- 
tions. The ranges of infectivity reported by the other labora- 
tories may, therefore, represent variations in either the activity 
measurements of samples having the same infectivity, or the 
efficiency of the nucleate in reaching susceptible cells, depending 
on the conditions of inoculation. The fact that the SDS- 
nucleate, with fair consistency, was almost twice as infectious as 
the nucleate prepared with phenol (but without alcohol frac- 
tionation) shows that significant differences between preparations 
do occur, depending on the treatments used. Of further interest 
was the relatively low infectivity of our phenol-nucleate prepara- 
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tions as compared to those reported by Gierer and Schramm (3). 
It appears that the more prolonged phenol treatments used by us 
resulted in even greater damage to the original native nucleate 
present in the virus. 

The differences in absorption spectra of the different fractions 
obtained by high speed centrifugation of SDS- and phenol- 
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Fig. 2. Absorption spectra of upper and sediment fractions 
from SDS- and phenol-nucleates. ©, A, sediment and O, B, 
upper fraction from SDS-nucleate; @, A, sediment and @, B, 
upper fraction from phenol-nucleate. 


TaBLe IV 


Infectivities of RNA fractions separated by ultracentrifugation 


SDS-nucleate 


Phenol-nucleate 


Mag oe ag mm 
Fraction* {No lesions} 2 | Mean specific |**°: lesions} ¢ Mean specific 
per half S | fetecth leet perhalf | 2 vo ee, 
leaf é 95% confitence leaf 3 | 9597 confess € 
—___—_| % interval Ss interval 
RNA Virus) s RNA |Virus) 5 | 
—|—|—|— —j|—|—| 
Original. ..| 39 34 | 22/164 0.3) 18 | 19 | 22} 1.2 + 0.3 
Upper.....| 32 | 45 | 12} 1.2 + 0.7) 4 | 38) 25/0.7 + 0.2 
Middle. . 6 | 32 | 20); 1.3 + 0.4 
Lower. 36 | 62 | 10 | 0.8 + 0.2 | 23 | 31 | 22)1.7 40.4 
Sediment. 86 | 70 | 10/ 1640.3 33 | 52) 8/074 0.2 


* The SDS-nucleate, 2.5 mg. per ml., was centrifuged in a 10-ml. 
polyethylene tube and 5 ml. of upper and 4 ml. of lower fractions 
were removed. The sediment was dissolved in 5 ml. of 0.002 m 
phosphate. The respective concentrations found, in mg. per ml., 
were 1.9, 3.1, and 0.4. The phenol-nucleate, 3 mg. per ml., was 
centrifuged in a 5-ml. polyethylene tube and 2 ml. of upper, 2 ml. 
of middle, and 1 ml. of the lower fractions were removed. The 
sediment was redissolved in 2 ml. of buffer. The respective nu- 
cleate concentrations found, in mg. per ml., were 0.5, 0.5, 2.7, 
and 1.5. 

T Result of two-sample ¢ test at 95 per cent confidence interval: 
lower fraction for SDS-nucleate significantly less infectious than 
either original or sediment fractions; ‘‘upper’’ fraction for phenol- 
nucleate significantly less infectious than either original or lower 
fractions. 
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nucleates re-emphasize the inhomogeneity of these preparations 
and show that their components differ in absorption characteris- 
tics. The reasons for the differences have not been determined, 
but the effect of divalent ions in decreasing the absorption 
maxima of RNA and DNA has been mentioned by several in- 
vestigators (17, 18). In other work we have found that the 
absorption minimum of some yeast nucleate preparations is 
shifted to longer wave lengths and the maximum to minimum 
ratio, which originally was about 2.6, is decreased to values as 
low as 1.8 after the addition of small amounts of Mgt*.6 A 
similar explanation may be responsible for the lower maximum to 
minimum ratios found for the fractions of higher sedimentation 
rates in the present experiments. 

The apparent differences in specific activities of the upper, 
lower and sediment fractions separated by high speed centrifuga- 
tion do not support conclusions drawn previously by Fraenkel- 
Conrat e¢ al. from similar experiments (2). Because the 2-fold 
differences now found are still relatively difficult to detect, it is 
possible that they might not be observed when only small vol- 
umes, ¢.g. 2 ml. of nucleate solution, are centrifuged, and greater 
opportunity for mixing after centrifugation is present. 

Although in this discussion no consideration has been given to 
possible contributions to infectivity of the small amounts of pro- 
tein present in the nucleate preparations studied, it is recog- 
nized that differences between the two types of preparations and 
the fractions separated from them may be related to protein as 
well as metal content. Final proof of the contribution of pro- 
tein and each of the metals present in the virus to the infectivity 
of the nucleates must await either more definitive experiments in 
which each of these components can be eliminated from the virus 
without affecting infectivity or a clearer description of their 
respective functions. 
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SUMMARY 


The iron content of two types of purified tobacco mosaic 
virus preparations has been established as 1.5 mg. per 100 gm. 
with a 95 per cent confidence interval of 0.2. 

Iron analyses were made on two samples of infectious nucleate 
prepared by sodium dodecyl sulfate treatment, and on one nu- 
cleate fraction prepared by phenol treatment. In contrast to 
the virus nucleic acid which may contain from 10 to 60 mg. of 
iron per 100 gm. when prepared by strong alkali, the samples 
of infectious sodium dodecy] sulfate-nucleate contained only from 
1 to 2 mg. Amounts of iron corresponding to about 8 mg. per 
100 gm. of the nucleate present were found in the phenol- 
nucleate preparation. 

The absorption spectra and specific infectivities of both types 
of nucleate preparations and of fractions separated by high speed 
centrifugation were determined. Certain differences were found 
in the absorption spectra of the two types of preparations, and 
it was concluded that the sodium dodecyl] sulfate-nucleate was 
significantly more infectious than the nucleate prepared with 
phenol. Nucleate fractions differing in absorption characteris- 
tics and in infectivity were separated from both types of prepara- 
tions by high speed centrifugation. 

The possible significance of iron and other trace metals to the 
absorption characteristics and infectivity of virus nucleates and 
in relation to nucleic acid structure has been discussed. 


Acknowledgment—We should like to express our appreciation 
to Dr. Rupert G. Miller, Jr., of the Department of Statistics, 
Stanford University, for assistance with the evaluation of the 
infectivity data. 
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Ultraviolet Difference Spectra of Tyrosine Groups 
in Proteins and Amino Acids*t 
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From the Biological Laboratories, Harvard University, Cambridge, Massachusetts 


(Received for publication, March 21, 1958) 


The ultraviolet absorption of protein solutions at wave lengths 
greater than 2500 A is due chiefly to the aromatic side chains of 
tyrosine, phenylalanine, and tryptophan (1,2). When a protein 
is titrated with alkali, a new, stronger absorption band appears 
with a maximum at about 2930 A, because of the ionization of 
tyrosyl residues. This marked change in absorption has been 
used to estimate the tyrosine and tryptophan content of proteins 
(1,3) and as a direct means for measuring the acid strength of 
tyrosyl groups in proteins (4-7). 

On close comparison of spectra of proteins and their constituent 
amino acids at neutral pH, they are found to be not quite 
identical. The observation that in proteins the absorption 
bands of the aromatic components are displaced slightly to the 
red as compared to the amino acids was made over 30 years ago 
by Stenstrém and Reinhard (8), and has been amply confirmed 
(4, 5, 9, 10). Similar small spectral shifts occur in proteins 
under conditions where no phenolic ionization would be expected; 
when, for example, the protein is titrated with acid (5, 11), or 
subjected to enzymic hydrolysis (11-13), or denatured with 
urea or guanidine salts at neutral pH (12-14). 

If we consider the molar extinction coefficients, €, and €, of a 
given molecule in two different states, 1 and 2, then the difference 
spectrum is obtained by plotting Ae = « — «, as a function of 
wave length. The representation of spectral shifts, such as 
those discussed above, as difference spectra, was introduced by 
Laskowski et al. (11). The same authors have proposed the 
hypothesis that these small displacements of the spectra reflect 
changes in hydrogen bonding of tyrosyl groups, and this view 
has been widely accepted (12, 15-18). 

We have observed, however, that similar displacements of 
the spectra of tyrosine and some of its simple derivatives accom- 
pany the ionization of other groups adjoining the benzene ring, 
without ionization of the phenolic group. For steric reasons 
hydrogen bonding between the phenolic group and the other 
ionizing group is impossible in the cases we have studied; yet 
the difference spectra are very similar, both in position and in 
magnitude, to those found in proteins such as insulin and 
ribonuclease. The addition of high concentrations of such 


* This work was done during the tenure by one of us (D. B. W.) 
of a Research Fellowship of the American Heart Association, 
1956 to 1958. It was supported by grants from the National 
Science Foundation and the United States Public Health Service. 
Requests for reprints should be addressed to Dr. John T. Edsall, 
Biological Laboratories, Harvard University, Cambridge, Massa- 
chusetts. 

tA preliminary report of this work was given at the 132nd 
meeting of the American Chemical Society, New York, 1957. 


reagents as urea or acetate ion also gives rise to similar difference 
spectra. 


EXPERIMENTAL! 


Materials 


L-Tyrosine—Chromatographically pure .L-tyrosine (Mann 
Research Laboratories, Inc.) was recrystallized twice from water, 
and dried over P,Os; ina vacuum. Kjeldahl N was 7.74 per cent, 
theoretical, 7.73 per cent. At pH 6, Anax = 2745 A, eas, = 
1400; at pH 12, Ans< = 2930 A, €max = 2400. 

O-Methyl-t-tyrosine (p-methoxyphenylalanine)—This was a 
gift from Professor H. T. Clarke (19). The product as received 
was twice recrystallized from water and dried in a vacuum over 
P.O;. Evidence of purity was obtained from the pH titration; 
on titration with alkali a constant value of pK,’ = 9.27,¢0 = 
+0.018, (at 25° and ionic strength 0.16) was obtained over a 
pH range from 8.4 to 9.7. The product was examined by paper 
chromatography with a butanol-acetic acid-water solvent 
system. It showed but a single ninhydrin-positive spot, Rr 
0.48-0.52. From tyrosine controls (Ry = 0.34) it was further 
demonstrated that as little as 1 per cent tyrosine impurity in 
the O-methyltyrosine could have been detected. 

No increase in absorbancy at 2950 A was observable in a 0.001 
M solution at pH 12 compared to pH 7, by which a tyrosine 
impurity of 0.3 per cent should be detectable. At pH 6, A... = 
2740 A, €max = 1380; at pH 11.6, Ana. = 2750 A, €xax = 
1430. 

Chloroacetyl-t-tyrosine—.-Tyrosine was suspended in ethyl 
acetate and refluxed with excess chloroacetyl chloride under 
anhydrous conditions, according to the procedure of Ronwin 
(20). After filtering off unchanged tyrosine, the solvent was 
evaporated, yielding a light yellow oil which crystallized on 
rubbing. After recrystallization from acetone-chloroform, the 
yield was 59 per cent, and the m.p. 152-155°. In the literature 
(20) the m.p. is 155-156° corrected. 

Glycyl - O-methyl - 1 - tyrosine —Chloroacetyl-L-tyrosine was 
methylated with dimethyl sulfate in alkaline aqueous solution 
at room temperature with constant stirring and with addition 
of sodium hydroxide solution dropwise to maintain pH >10. 
After two hours the mixture was acidified and allowed to stand 
overnight. The acidified solution was extracted with ethy] 
acetate, the organic phase dried over anhydrous sodium sulfate 
and the ethyl acetate evaporated to yield an oil which crystallized 

1 All melting points are uncorrected. The microanalyses were 


performed by the Massachusetts Institute of Technology Micro- 
chemical Analysis Laboratory. 
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in part. This material was aminated by treatment with con- 
centrated ammonium hydroxide at room temperature. After 
two days a clear solution was obtained, which was evaporated 
to dryness in a water bath at 50°. The solid was extracted with 
a small volume of hot water, and the product was recrystallized 
twice from water-ethanol, and dried over P.O; in a vacuum. 
The yield, after two recrystallizations, was 32 per cent of theory, 
based on the chloroacetyl-L-tyrosine taken. 


Analysis 
Ci2Hi6N 205 
Calculated: C, 57.1; H, 6.40; N, 11.10 
C, 56.7, H, 6.50; N, 11.04 


At pH 6, Amex = 2745, €max = 1400; at pH 12, A... = 2745, 
€max = 1390. By potentiometric titration the value of pK.’ 
for the ammonium group (at 25° and ionic strength 0.16) was 
found to be constant (8.15, 0 = +0.015) over a pH range from 
7.5 to 9.3. This indicates the presence of no more than 0.3 per 
cent inert impurity. A very slight increase in the absorbancy 
of a 0.001 m solution was observed (Fig. 8) at 2950 A at pH 12, 
compared to pH 6. If this were assumed to be due to glycyl- 
tyrosine, it would correspond to a content of less than 0.6 per 
cent of the latter. Such a degree of impurity would affect 
neither the experimental results reported here, nor the conclu- 
sions drawn therefrom; and the small observed change may in 
fact be experimental error. 

Urea—Eastman Kodak purified urea was used. It was 
twice recrystallized from ethanol-water at —8 to — 10° according 
to Steinhardt (21). 

Sodium acetate—Fisher Certified Reagent was used. 

Water—The water used was either redistilled from glass or 
deionized in a mixed bed ion exchange column. 

All other materials were of reagent grade or better. 


Methods 


Spectroscopic measurements were made at 25° with a Beckman 
model DU spectrophotometer equipped with thermospacers in 
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Fig. 1. Spectra of tyrosine and O-methyltyrosine in aqueous 
solutions at their isoelectric points. Tyrosine O——O, O-methyl 
tyrosine A——A. 
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length scale on the spectrophotometer was checked periodically 
with a mercury vapor lamp, and the nominal wave lengths are 
valid to within +1 A. The instrument was routinely operated 
at a monochromatic slit-width of 0.10 mm. Wave lengths are 
specified in this work with an estimated accuracy of +2 A 
(maximum deviation). For these measurements recommenda- 
tions for precision spectrophotometry were followed (22). 

Although we have reported many of our data as difference 
spectra, the measurements were not made by the technique of 
“differential spectrophotometry” (23). Absorbancies were 
measured in the conventional way against a blank cuvette 
containing solvent only, and the resulting spectra were used to 
compare one solution with another, and thus to compute a 
difference spectrum. When we speak of the difference spectrum 
of state 2 versus state 1, or of state 2 referred to state 1, we mean: 
Ae = & — a. It is of course essential that in spectral regions 
where Ae/Ad is large, absorbancy readings be made at a single 
setting of the wave length scale; otherwise, large errors can result 
from the failure to duplicate a previous setting exactly. This isa 
more tedious way of obtaining difference spectra than by the 
technique of Bastian et al. (23), but it has the advantage of 
reducing the effective bandwidth of- light obtained from the 
monochromator. Since this method also yields complete spec- 
tra, it is easy to detect impurities in samples. 

Aqueous solutions for spectrophotometric observation were 
prepared in buffers with KCl added to a final ionic strength of 
0.16. For the most acid solutions unbuffered HCl was used, 
and for the other pH ranges, acetate, tris(hydroxymethy))- 
aminomethane, glycinate, and ¢-aminocaproate buffers were 
employed at buffer-ion concentrations ranging from 0.02 to 
0.10 m. We have found no evidence for specific buffer effects 
on the spectra of tyrosine or O-methyltyrosine at these low 
concentrations. The concentrated sodium acetate solutions 
were adjusted from pH >8 (hydrolysis) to pH 7.0 with glacial 
acetic acid. 

Measurements of pH were carried out at 25° with a Beckman 
model G pH meter, calibrated with standard buffers prepared 
according to the specifications of the National Bureau of Stand- 
ards. 


RESULTS 


In Fig. 1, it is seen that tyrosine and O-methyltyrosine have 
nearly congruent spectra. Figs. 2, 3, and 4, upper, show the 
perturbation of the spectra of both tyrosine and O-methyl- 
tyrosine associated with the ionization of a carboxyl and an 
amino group. Since the amino and phenolic groups in tyrosine 
ionize in the same pH range, the small effect of the ammonium 
group ionization is largely obscured by the red shift and intensifi- 
cation of absorption which occurs when the phenolic group 
ionizes (A,,,x Shifts from 2745 to 2930 and e¢ shifts from 1400 
to 2400 at the respective maxima). This is seen in Fig. 4, upper, 
in the difference spectra of O-methyltyrosine. The difference 
spectra due to the ionization of the carboxyl group are seen to 
be practically the same for tyrosine (Fig. 4, upper) as for O- 
methyltyrosine (Fig. 3). 

We have calculated the apparent ionization constant of the 
ammonium group of O-methyltyrosine from the difference 
spectrum at pH 9.65, assuming that the spectra of the two ex- 
treme forms, the isoelectric amino acid and the anion, are 
obtained at pH 5.7 and at pH 11.5, respectively. The equation 
employed was pK’ = pH — log [a/(1 — a@)], where a = (Ae/ 
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Aémax)a- The mean result from calculations at nine wave lengths 
between 2810 A and 2890 A is pK,’ = 9.31 + 0.05, in good 
agreement with titration results which yield pK,’ = 9.27 + 0.02. 
These results clearly indicate that this difference spectrum is 
due to the ammonium ionization, and not due to an impurity 
or an artifact. 

Difference spectra of O-methyltyrosine at pH 11.4 versus 
| pH 5.7 were obtained at 10-* m and at 4 X 10-*m. = The results 
| (Fig. 5) show that this molar difference spectrum is concentra- 
| tion-independent, and therefore not due to intermolecular 
interactions, nor to instrumental artifacts of the sort described 
by Fridovich et al. (24). The concentration dependence of 
difference spectra arising from carboxyl group ionization in 
tyrosine and glycyl-O-methyltyrosine was also tested in this 
way; in no case was a concentration dependence found. 

Concentrated solutions of urea (Fig. 6) and sodium acetate 
(Fig. 7) also give rise to difference spectra in tyrosine. The 
effects are seen to be qualitatively the same for tyrosine as for 
its O-methy! derivative, but with some quantitative differences. 
That the result with sodium acetate is not simply a general 
electrolyte effect is shown by the difference spectra obtained with 
3M NaCl, (Fig. 4, lower). The curve in Fig. 4, lower, showing 
the difference spectrum of isoelectric tyrosine in 3 m NaCl 
versus aqueous isoelectric tyrosine is seen to correspond to a 
small general spectral intensification, and is itself of a very 
different form from that resulting from addition of sodium 
acetate or the ionization of adjacent groups. This result is 
confirmed by the other curve of Fig. 4, lower, which shows that 
acid tyrosine referred to isoelectric tyrosine, with 3 m NaCl in 
both tyrosine solutions, gives rise to a difference spectrum very 
similar to that found at low ionic strength, the peaks being 
slightly higher at the high salt concentration. 
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Fic. 2. Spectra of aqueous solutions of O-methyl tyrosine at various pH values. At pH 1.08, O; at pH 5.7, A; at pH 9.6, 1); at pH 


Spectra of glycyl O-methyltyrosine were also determined at 
various pH values (Fig. 8). Here the increment in Ae on car- 
boxy] ionization is, within experimental error, the same as that 
produced by the carboxyl ionization of O-methyltyrosine and 
tyrosine. On the other hand the ammonium ionization in 
glycyl O-methyltyrosine gives a negligibly small difference 
spectrum, quite in contrast to O-methyltyrosine.* 


DISCUSSION 


The difference spectra which result from carboxy] ionization 
in tyrosine and from both carboxyl and ammonium ionizations 
in O-methyltyrosine may be qualitatively characterized by the 
appearance of two clearly separated peaks, one at about 2770 A 
and the other at about 2850 A, the latter almost twice as high 
as the former. These difference spectra are very similar to 
those reported by Laskowski et al. (11) for insulin at pH 1 
compared to pH 7, and for trypsin-digested insulin compared 
to native insulin. Scheraga (26) has reported similar difference 
spectra for ribonuclease at pH 7 compared at pH 1, as have 
Glazer et al. (16) for acid ovalbumin and acid serum albumin, 
with reference to these proteins at neutrality. If one starts 
with the native protein in a neutral solution, and alters the 


2 As is apparent from Fig. 2, difference spectra of tyrosine 
derivatives will show additional peaks at wave lengths below 2600 
A. This has also been observed in the work of Schwert and 
Takenaka (25). However, most difference spectra of proteins 
have been determined above 2600 A, and we have therefore ac- 
cepted this as a practical lower limit for the present work. 

3 The location of the peaks in the difference spectrum of O- 
methyltyrosine at 2760 A and 2840 A is consistent with the fact 
that the long wave side of its absorption band is displaced, with 
respect to that of tyrosine, about 10 A toward shorter wave 
lengths. 
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Fic. 3. Difference spectra of O-methyltyrosine, referred to 
the spectrum at pH 1.08. At pH 5.7, O; at pH 9.6, A; at pH 
11.5, O. 
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tyrosine (pH 5.7) versus tyrosine pH 1.02, A. Tyrosine at pH 8.05 
(phenolic group 2.8 per cent ionized) versus 5.7,O. Lower, the 
effect of NaCl on tyrosine difference spectra. Tyrosine at pH 
5.4, 3 m NaCl versus pH 0.50,3 m NaCl, @. Tyrosine at pH 5.4, 
M 3 NaCl, versus tyrosine at pH 5.7, T/2 = 0.16, O. 


environment either by titration with acid, by proteolytic diges- 
tion, or by adding large amounts of urea to the solution, the 
absorbancy decreases (Ae < 0) between 2750 and 2900 A. 
Titration of the protein with base leads, of course, to absorbancy 
increases of much greater magnitude because of tyrosyl phenolic 
ionization—but we are not here concerned with this effect. 
Quantitative comparisons of these and similar difference 
spectra can be made only with difficulty, for, more often than not, 
difference spectra have not been given in quantitative form. 
Where such comparisons are possible, however, spectra observed 
in proteins are of the same order of magnitude, are of the same 
general form, and have their peak locations within 10 to 30 A 
of the difference spectra observed in the simple tyrosine deriva- 
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tives studied in this paper. For example, ribonuclease at pH 7 
versus pH 1 yields a difference spectrum (26) whose peak is at 
2870 A, with (Ae/tyrosine residue) = 100. When ribonuclease 
is urea-denatured, the change, involving a decrease in ¢, in this 
range of wave lengths, is about twice this (12), and when oval- 
bumin is acid-denatured, (Ae/tyrosine residue) is = —150 at 
2870 A, urea denaturation leading again to a value about twice 
as large (16).4 Of course, if not all of the tyrosyl groups of a 
protein are involved in the spectral perturbation, the change 
per residue involved is obviously greater than the values just 
calculated. Clearly the magnitude of the spectral perturba- 
tions found in our studies with tyrosine and its derivatives 
[(Ae/tyrosine residue) = —50 to —250| is of the same order as 
the changes found when proteins are submitted to similar altera- 
tions in the solvent medium. It probably will be difficult to 
give a quantitative treatment of these spectral shifts since there 
is, for example, no simple correlation between hydrogen-bond 
strength and ultraviolet spectral shift (27, 28). 

For O-methyltyrosine, it seems certain that the difference 
spectrum may arise from the ionization of either the ammonium 
or the carboxyl groups, since a reliable ionization constant for 
the ammonium group can be calculated from the difference 
spectrum at a known pH (Fig. 3). Tyrosine-tyrosine inter- 
actions cannot be the source of these difference spectra, since the 
values of Ae (molar) were found to be independent of concentra- 
tion, over a range of 2.5-fold. Examination of molecular models 
of tyrosine and its O-methyl derivative show that it is impos- 
sible to bring the phenolic —OH or —OCH; group close enough 
to either the ammonium or the carboxy! group to form an intra- 
molecular hydrogen bond. It seems therefore necessary to 
assume that the ionization of either group results in the trans- 
mission of a small perturbation to the chromophore, but whether 
the transmission is mainly through the molecule or through the 
medium we cannot say at the moment. The closest analogy in 
proteins to the case at hand would be the perturbation of the 
aromatic portion of a C-terminal tyrosine by ionization of its 
own carboxyl residue.’ Although this residue has seldom been 
found as C-terminal in proteins or peptides, proteolytic digestion 
of a protein will often give peptide fragments with C-terminal 
tyrosine, so that this may not be an entirely trivial case. On 
the available evidence, however, it appears that charged groups 
from other amino acid residues in the protein are more likely 
to be responsible for such ion-chromophore interactions as may 
occur. 

The fact that tyrosine gives a “characteristic” difference 
spectrum on addition of urea would be expected on the assump- 
tion that these difference spectra are due to hydrogen bonding, 
since urea is well recognized as an effective hydrogen-bonding 
agent. Indeed, this experiment has been done before by Wet- 
laufer (29) for phenol, and by Laskowski (30) for acetyl tyrosine 
ethyl ester. In both these earlier cases, as here with tyrosine 
itself, a characteristic difference spectrum was shown with strong 


4R. Iavazzo, unpublished studies in this laboratory, 1957. 

5 In principle, similar effects should occur in N-terminal tyro- 
sine residues in proteins. However, even though N-terminal 
amino groups usually ionize with an apparent pK below 8, ioniza- 
tion of the protein tyrosyl residues will already have begun (see 
Fig. 4, upper) before the N-terminal ionization is complete, with 
the result that both spectral effects will occur with overlap in this 
pH range. It is questionable whether the two effects could be 
unambiguously sorted out. 
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urea solutions. If the experiments went no further, one could 
simply formulate this reaction as shown. 


H 


Ph—OH — O + (urea)-H,O0 = (1) 


H 
PhOH — (urea) + 2H,O 


However, we must also consider that O-methyltyrosine gives 
the same kind of difference spectrum but clearly cannot be 
fitted into the same phenolic-hydrogen-donating scheme. Of 
course, a turnabout scheme in which the phenolic oxygen be- 
comes a hydrogen bond acceptor from a urea H-donor can be 
suggested, but for two reasons this seems unlikely. First, given 
a choice between two potential donors, the stronger acid is more 
likely to be the donor, and phenol is a stronger acid than urea. 
Conversely, of two bases, the stronger is likely to be the acceptor, 
and urea is a much stronger base than the ether oxygen of O- 
methyltyrosine. It is more likely that urea and O-methyl- 
tyrosine interact as two dipoles, without actual hydrogen 
bonding, whereas for tyrosine and urea a hydrogen-bonding 
interaction is an additional possibility. 

The fact that urea causes an absorption increase with simple 
phenolic groups, but an absorption decrease with proteins‘ 
(12, 14) is not necessarily an inconsistency. In all probability, 
urea has the same effect on exposed chromophores of the protein 
as it has on similar chromophores in simple compounds. Super- 
imposed on this, however, is a larger effect of opposite sign caused 
by the disappearance of intramolecular interactions between the 
tyrosyl residues and other ionic or polar groups within the 
protein, because of the general configurational disruption induced 
by the urea. 

The suggestion that tyrosyl hydroxy! groups may be bonded 
to carboxylate groups in a protein originated with Crammer and 
Neuberger (4), and has been given some experimental support 
by the work of Harrington (31) and of Scheraga (26). In model 
systems, it has been shown that concentrated alkali acetate 
induces characteristic displacements of the spectra of phenol 
(29) and acetyl tyrosine ethyl ester (30). However, it has not 
yet been possible to establish the nature of this phenolic-car- 
boxylate interaction, nor the equilibrium constant. In our 
experiments it is seen that O-methyltyrosine as well as tyrosine, 
gives the usual difference spectrum in concentrated sodium 
acetate solutions. In the former case hydrogen bonding cannot 
occur, since neither acetate ion nor the methoxypheny] residue 
has a hydrogen which can engage in hydrogen bonding. This 
spectral perturbation would seem to be due to a less intimate 
type of ion-dipole interaction. 

The foregoing experiments show that ion-dipole and dipole- 
dipole interactions can give rise to difference spectra in tyrosine, 
and we may reasonably presume that tyrosyl residues in proteins 
likewise interact with other charged or dipolar groups of the 
same molecule. Whether such interactions may serve to stabilize 
a given protein configuration, is a question of considerable inter- 
est, but an answer cannot be inferred from the present experi- 
ments.® 


6 Theoretical and experimental estimates of the strength of 
tyrosyl-carboxylate interactions have, however, been made 
(29, 30, 32). 
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Fic. 5. The concentration-independence of O-methyltyrosine 
difference spectra (pH 11.5 versus pH 5.7). O-methyltyrosine 
concentration 0.001 M, O; concentration 0.0004 m, A. Hypotheti- 
cal difference spectrum, (see text), ——. 
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Fic. 6. Difference spectra produced by 6 M urea (with reference 
to aqueous solutions). Isoelectric tyrosine 0; isoelectric O- 
methyltyrosine, X. 


It is of interest to know how near a group must be to a tyrosy! 
group to give rise to a difference spectrum on ionization. Com- 
parison of the results on glycyl-O-methyltyrosine with those 
on O-methyltyrosine provides suggestive evidence on this point. 
As might be expected, the difference spectrum due to carboxy] 
ionization is about the same (within experimental error) in these 
two compounds. The ionization of the amino groups is quite 
a different matter, for in O-methyltyrosine a large difference 
spectrum results, whereas in glycyl O-methyltyrosine, whose 
amino group is only about 4 A more distant from the chromo- 
phore, the difference spectrum is almost too small to detect. 
These results certainly suggest that a spectral perturbation of a 
tyrosyl group by a neighboring charged group in a protein 
requires that the two groups be quite close to each other, with 
the corollary that a rather minor configurational change could 
be sufficient to cause the disappearance of such a perturbation. 
From this one might extrapolate to say that in proteins difference 











1426 






















200 T T T T T T 

150} 4 O-methyl tyrosine - 

© Tyrosine 
100}- ~ 
AE 

50r- oe 

Oo 
-50 J | 1 i ! it 

265 270 280 290 300 


d in mp 


Fic. 7. Difference spectra produced by 4 m sodium acetate 
(with reference to aqueous solutions). Tyrosine, O; O-methyl 
tyrosine, A. 
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Fia. 8. Difference spectra of glycyl O-methyltyrosine as a 
function of pH. Isoelectric spectrum versus pH 0.8, O; pH 12.3 
versus pH 0.8, @; pH 12.3 versus isoelectric, X. 


spectra will not arise from the ionization of distant groups; that 
is to say, groups more than ~10 A away from the chromophore, 
assuming, of course, that the protein does not provide high- 
efficiency transmission routes for such perturbations. Con- 
versely an increase in the difference spectrum should be expected 
if the perturbing ion approaches the tyrosyl chromophore more 
closely than is the case in tyrosine. Of course, these conclusions 
are based on but a single experimental case, and cannot be 
accepted without reservation until confirmatory evidence is 
obtained. 

For tyrosine difference spectra produced by acetate or urea, 
there is the analogous possibility of a tyrosyl residue in a protein 
interacting, for example, with a neighboring glutamate or glu- 
taminyl residue. The two groups so interacting in a protein 
need not be neighbors in a sequence along a polypeptide chain; 
indeed, they need not be in the same chain. For hydrogen 
bonding, the interacting groups necessarily have to approach 
each other about as close as their collision diameters and remain 
“fixed” with relatively little freedom (32). With the available 
alternatives of ion-dipole and dipole-dipole interactions, however, 
transmission of the effect through the medium becomes feasible, 
and we might expect spectral perturbation to result from inter- 
action over distances somewhat greater than those allowable for 
hydrogen bonding. Thus the tyrosyl residues of a protein that 
are spectrally perturbed need not be as rigidly fixed as the 
hydrogen-bonding model suggests. 

A consideration of the nature of the ultraviolet absorption 
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spectrum of tyrosine suggests a basis for the characteristic 
location of the peaks in its difference spectra. These peaks fall] 
at about 2780 A and at 2850 A, where the absorption curves are 
steepest. If the spectral perturbation should result only in a 
red shift of the spectrum, then the result shown in the continuous 
curve of Fig. 5 is obtained. This hypothetical difference spec- 
trum is based on the premise of a 10 A red shift of the O-methyl- 
tyrosine spectrum. The result is seen to agree well with experi- 
ment in the location, and fairly well in the relative heights of 
the peaks, but there is no agreement at all below approximately 
2750 A. Disagreement in this last feature means that the case 
was not as simple as was assumed. However, the form of this 
hypothetical curve indicates that the location and relative size of 
the peaks are a consequence of the initial shape of the absorption 
spectrum and of the experimental fact that it undergoes relatively 
little deformation when perturbed. 


Earlier Interpretations of Protein Spectral Shifts 


The red shift in protein tyrosyl-group spectra was attributed 
by Stenstrém and Reinhard (8) to partial tyrosyl ionization due 
to vicinal electrostatic effects. That this is not so is seen immedi- 
ately in a comparison of the difference spectrum of tyrosine at 
2.8 per cent ionization (Fig. 4, upper) with the difference spectra 
shown here for tyrosine and O-methyltyrosine (Figs. 3, 4, 5, 6, 
and 7), which are closely similar to those observed in certain 
proteins. The mechanism suggested by Stenstrém and Rein- 
hard, namely that the (electrostatic) influence of adjacent 
positively charged amino acid residues is responsible for the 
spectral shift, does seem to have some truth in it, in view of our 
present findings. 

Simple peptides of tyrosine and tryptophan have their 
absorption maxima shifted from 5 to 15 A to the red, compared 
with the free amino acids in aqueous solution (1, 33, 34). Thus 
the hydrolysis of a peptide or protein to the constituent amino 
acids gives a difference spectrum (Ae negative) qualitatively 
similar to those observed in our studies. Beaven et al. (34) sug- 
gested that additional long-wave absorption-shifts in proteins 
result from fastening the chromophores onto a “semi-rigid 
framework.” The results on which this suggestion was based 
seem sound; however, they involve observations of the spectra 
of tryptophan and phenylalanine in gels or dried films. We believe 
that these interactions reasonably fall into the somewhat broader 
classes of dipole-ion and dipole-dipole interactions, as illustrated 
in the present work. Whether the mechanical rigidity of a 
chromophore can be separated for consideration from the en- 
vironmental factors which enforce such rigidity is difficult to 
say.” 

Hydrogen-bonding hypotheses for explaining spectral shifts 
seem to have had their origin in the classic work of Crammer and 
Neuberger on ovalbumin (4). Strong experimental support for 
tyrosyl-carboxylate hydrogen bonds in ovalbumin has come 


7 In proteins it is probable that chromophoric groups other than 
tyrosine will undergo spectral perturbation by one or more of 
the mechanisms suggested for tyrosyl residues. From spectral 
measurements of acid and alkaline solutions of tryptophan and 
phenylalanine (1, 34), it is certain that their spectra are perturbed 
by ionization of one or both of their ionizing groups. Difference 
spectra derived from phenylalanine due to ionization would 
probably show several small peaks between 2600 A and 2700 A, 
whereas tryptophan would probably show a broad trough between 
2500 and 2800 A, a small peak at about 2830 A, and a larger peak 
around 2930 A. (see Beaven and Holiday (1), Figs. 2 and 3). 
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from the studies of Harrington (31), who showed that, when 
subjected to denaturation by guanidinium chloride, ovalbumin 
exposes about eight carboxylate groups and about eight base- 
binding groups whose acid pK is close to 10. This fits well with 
Crammer and Neuberger’s finding that about eight tyrosyl 
groups in native ovalbumin are not free to ionize. However, 
an alternative explanation of Harrington’s experiment is pos- 
sible. As Tanford has recently suggested for the denaturation 
of hemoglobin (35), acid or base uptake may accompany de- 
naturation due to a decrease in the electrostatic work factor 
when the protein assumes a more expanded configuration. 
Ovalbumin does show a characteristic spectral shift when de- 
natured by acid or by urea‘ (16) but in spite of the decisive evi- 
dence that tyrosyl groups in ovalbumin are by no means 
“normal,’”’ it is as yet impossible to say with any certainty 
whether this is because they are hydrogen bonded. 

It may be mentioned that if a chromophore of a protein is 
imbedded in a hydrophobic region of the molecule, as has been 
occasionally suggested (6, 36), crude qualitative predictions 
can be made as to the spectral change to be expected. Such a 
group, being in a medium of lower dielectric constant, would 
have its absorption peak at slightly shorter wave lengths than 
in a medium of high dielectric constant such as water (37-39) 5-9 

In the case of a tyrosyl] residue, its hypothetical transport from 
4 nonaqueous medium (in the interior of a native protein mole- 
cule) to an aqueous medium, as in denaturation, probably would 
entail the formation of at least one phenol-water hydrogen 
bond. Changing from a less polar to a more polar medium, 
whether or not this is accompanied by formation of a discrete 
hydrogen bond, would induce a shift of the electronic spectrum. 
This shift might be either to longer or to shorter wave lengths, 
in view of the data discussed above, and in Footnotes 8 and 9. 
However, only shifts to shorter wave lengths result when pro- 
teins are denatured, or otherwise subjected to treatment which 
may be expected to disrupt “hydrophobic bonds’’ and expose 
previously unavailable groups to the solvent. 
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SUMMARY 


Mechanisms have been investigated which can give rise to a 
displacement of the spectrum of the tyrosyl residues in proteins 
when acid and neutral solutions are compared. The difference 
spectrum is characterized by two peaks: the larger at 2850-2870 
A, and a second peak at 2770-2800 A, about half the height of the 
first. In solutions of tyrosine, O-methyltyrosine, and glycyl- 
O-methyltyrosine, it is shown that the ionization of an adjacent 
group can give rise to difference spectra similar to those observed 
in proteins when the pH is displaced from neutrality to acid 
values near 2. In all these cases, € increases with increasing 
pH in the wave length region between 2750 and 2900 A. For 
the spectral changes on ionization in tyrosine, O-methyltyrosine, 
and glycyl-O-methyltyrosine, mechanisms of intermolecular 
hydrogen bonding are ruled out because the effect is concentra- 
tion-independent, and intramolecular hydrogen bonding is 
ruled out on steric grounds. 

Urea, which at high concentrations produces similar difference 
spectra with both tyrosine and O-methyltyrosine, acts by a 
dipole-dipole interaction, which, in the case of tyrosine, may 
take the form of hydrogen bonding. Concentrated solutions 
of sodium acetate also produce a characteristic displacement 
in the spectra of tyrosine and O-methyltyrosine, with a differ- 
ence spectrum similar to that produced by the ionization of a 
group within the molecule. This leads to the conclusion that 
the acetate-tyrosyl interaction may be due to a general ion- 
dipole interaction or to specific hydrogen bonding. Difference 
spectra obtained from glycyl-O-methyltyrosine suggest that 
the ionizing group must be within a few Angstroms of a tyrosyl 
residue to give rise to a spectral perturbation. The implications 
of these findings for difference spectra in proteins are discussed 
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Tyrosine, in strongly acid solution, contains 3 dissociable pro- 
tons, attached respectively to the carboxyl, the aromatic hy- 
droxyl, and the ammonium group, which we denote for con- 
venience as Groups 1, 2, and 3 respectively, in the following 
discussion. Since each of the three groups may exist in either of 
two states (the acidic state, with the proton on, or the basic 
state with the proton off) the molecule may exist in 2* micro- 
scopically different forms. One of these eight forms is the cat- 
jon, With net charge Z = +1; one is the divalent anion, with 
Z = -—2. Each of the two intermediate states, of net charge 
Z = 0and Z = —1, respectively, corresponds to three micro- 
scopically different forms. To describe the interrelations be- 
tween all these forms, 12 “microscopic” ionization constants, 
referred to for brevity as microconstants, are required. The 
complete scheme is illustrated in Fig. 1. In this figure the nota- 
tion for the constants follows the scheme first proposed by Hill 
(1) and used in a recent general discussion (2). The acidic 
groups are denoted by numerals as indicated above;' the last 
numeral in the subscript of a microconstant such as ki. denotes 
that in this case Group 2, the hydroxyl, loses a proton in the 
process in question, whereas the preceding numeral | indicates 
that Group 1, the carboxy], is already ionized. The omission of 
Group 3 in the subscript indicates that the ammonium group is 
still in the acidic form during this process. For brevity, we 
denote an individual microscopic form by writing the state of 
charge on each of the three groups, in order, from left to right; 
for tyrosine this must be 0 or — for Groups 1 and 2, and + or 0 
for Group 3. Thus, for instance, ki: = (H*+)(——+)/(—0+), 
where (H*) is the hydrogen ion activity. 

Isomeric forms of the same net charge, such as (— — +) and 
(—00), differ in the number and distribution of the charges 
which they carry and, therefore, in their electrostatic interac- 
tions. Thus, they are differently affected by changes in the 
ionic strength or dielectric constant of the medium (see, for 


* This work was performed during the tenure, by one of us 
(D. B. W.), of a Research Fellowship of The American Heart 
Association, 1956-1958. It was supported by grants from the 
National Science Foundation and the United States Public Health 
Service. Requests for reprints should be addressed to Dr. John 
T. Edsall, Biological Laboratories, Harvard University, Cam- 
bridge, Massachusetts. 

1 In assigning numbers to the various ionizing groups, we adopt 
the convention that uncharged acidic groups, such as carboxyl or 
hydroxyl, are assigned the first numbers, in order of their usual 
acidic strength. Then positively charged acidic groups, such as 
imidazolium or ammonium, are assigned subsequent numbers, 
again in order of acidic strength. In more complex molecules, 
such as multivalent peptides and proteins, additional criteria for 
numbering of acidic groups may be required, such as their order 
within a peptide chain. 


instance, (3)) and must interact differently with ions of metals 
and other constituents of the medium. They may differ also in 
their behavior in kinetic processes in which tyrosine is involved. 
An evaluation of the equilibria between the different individual 
microscopic forms shown in Fig. 1 is, therefore, of importance for 
the understanding of the behavior of tyrosine in many systems. 
It also permits an analysis of the intramolecular electrostatic 
interactions between the different ionizing groups, from which 
inferences can be drawn concerning the distances between the 
groups and the “effective dielectric constant’’ for the interaction 
(4). 

The first complete ionization scheme, corresponding to that 
shown in Fig. 1, was given by Neuberger (5) for glutamic acid. 
Neuberger’s data were further analyzed by Hill (1) (see also 
(2)). The work of Benesch and Benesch (6) has provided the 
material for a similar complete analysis of the ionization of 
cysteine, which has been discussed elsewhere (2). A complete 
ionization scheme for tyrosine was given by Brand et al. (7), 
who, however, reported their results only in the form of a brief 
preliminary abstract. A comparison of our values of the ioniza- 
tion constants with those given by them is presented at the end 
of this paper. 


Evaluation of Microconstants 


The individual microconstants given in Fig. 1 cannot be 
evaluated by an ordinary titration, in which pH is determined as 
a function of the mean total number of protons removed from 
the trivalent acid (00+). Such a titration gives three constants, 
which we denote as macroconstants, and denote by Ki, Ke, and 
K;. Their evaluation from the experimental data has been 
discussed elsewhere (see, for instance, (2)). They are related to 
the microconstants, as shown in Equations | to 3. 


Ki = kit ke +ks 


= (H*)[(—0+) + (—+) + (000)|/(00+) ” 
KiKe = kikiz + kikis + keokos = koko: + kakar + kako 
= (H*)*[(——+) + (—00) + (—0)]/(00+) 
KiK2K; = kikikiex = kikiskise = kekeskesr - 


ksksiksi2 = (H*)*(——0)/ (00+) 


A number of interrelations between the products of the micro- 
constants are readily derived; some of these are given in Equa- 
tions 2 and 3; the others may be written down by inspection of 
Fig. 1. Even with these relations, however, the determination 
of the macroconstants must be supplemented by the separate 
determination of several of the microconstants in order to eval- 
uate all of the 12 constants shown in Fig. 1. 
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Fig. 1. The eight microscopic forms of tyrosine and the 12 
ionization constants which interrelate them. For detailed ex- 
planation see the text. 


This problem may be approached in two ways (8). If one of 
the ionizing groups is blocked by conversion to an alkyl deriva- 
tive, it may be tentatively assumed that the other groups ionize 
as if the blocked group were in the acidic form. Thus, we assume 
that the —OCH; group in O-methyltyrosine is equivalent to the 
—OH group in its effect on the ionization of the other groups; 
and that the —COOC:H; group is equivalent to the —COOH 
group.2 Likewise the —N(CHs)3* group of N-trimethyltyrosine 
may be assumed equivalent to the —NH;+ group in tyrosine. 
All these substances have been studied by us, and the validity 
of the assumptions of equivalence made above will be critically 
examined later. 

On the other hand, we may make use of the great change in 
ultraviolet absorption which occurs on ionization of the phenolic 
hydroxyl group to estimate the fraction of such groups in the 
system that are ionized, and thereby evaluate several of the 
microconstants. For tyrosine this method of analysis is best 
suited to the determination of the constants kis, kis, kise, and 
kiz3. The details of the treatment have been developed else- 
where (8). We note first that the carboxyl group is a far stronger 
acid than either the hydroxyl or the ammonium group; indeed 
the ratios k,:k2 and k,:k; are both greater than 10°, as shown 
below. Hence, in Equation 1, we may set K,; = k, without 
perceptible error. Combining this relation with Equations 2 and 
3, we readily obtain the relations of Equations 4 to 6. 


K2K; = kiskies = kiskise (4) 
Ko = kio + kis (5) 
Ka! = Kya! + Kyazm! (6) 


Above pH 7, tyrosine exists almost entirely in the four forms 
(-—0+), (—-—+), (-—00), and (——0). In the second and 
fourth of these the hydroxyl group is ionized; in the first and 


? With reference to the earlier work of Brand et al. (7), we might 
assume that the —CONH: group in tyrosine amide is equivalent 
to the uncharged —COOH group in its effect on the other groups. 
As our experimental data show, however, the effects of the ester 
and the amide groups are not entirely equivalent. It seems prob- 
able that the ester is a better model than the amide for 
the —COOH group, since the dipole moments of the fatty acids 
and their esters are nearly the same (close to 1.8 debye units), 
whereas those of their amides are considerably higher (approxi- 
mateiy 3.6). 
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third, it is not. We (8) define a function aon, representing the 
fraction of all the molecules present in which the hydroxyl group 
is ionized; it is readily expressed in terms of the microconstants 
of Equation 4, as may be seen by examination of Fig. 1. 


k2/(H*) + Kiskie/(H*)? a 
%on = (7) 


1 + (ki2 + krs)/CH*) + Kiekiz,/(H*)? 





From this we may derive the function previously denoted by 
Edsall et al. (8) as Mon: 


(H*)aox ki2(H*) + kiki ky2(H*) + Kiskie 
Mou = = = (8) 
— aon (H*) + kis (H+) + kis 





The function Mou would be simply equal to the ionization 
constant of the hydroxyl group, if the ionization of the hydroxy] 
were completely independent of that of the ammonium group; 
this would be true if ki. were equal to ki32, in which case either 
constant would be equal to Mou at all values of aon. In fact, 
however, the groups are not independent, but definitely show 
interaction. In any case, however, it is apparent from Equation 
8 that as (H+) becomes large compared to the k’s, and aon — 0, 
Mou approaches ki: as a limit. As (H+) — 0 and aon — 1, 
Mou approaches ki32 as a limit. Thus a plot of pM = —log 
Mou = pH — log [aou/(1 — aon)], as a function of aon, extra- 
polates to pki. as a limit at aon = 0 and to phkizz at aon = 1. 
The form of the curve connecting these two limiting values of 
pM depends, however, on the ratio k3:k12; the relation has previ- 
ously been discussed in detail (8) and permits the calculation of 
kis. 

To evaluate aou from the experimental data, we make the 
tentative assumption that the molar extinction coefficients of the 


two microscopic species (— — +) and (— —0), at the wave 
length chosen for measurement, are equal. The value for the 


species (— —0), which we denote as €,,,x, is readily determined 
by measurements at pH values above 12.5 or thereabouts, since 
tyrosine exists almost entirely in this form in such alkaline 
solutions. The value for the species (— — +) cannot at present 
be determined experimentally. The assumption that it is equal 
t0 €max iscertainly not exact and may be subject to later revision; 
but it seems to be reasonable as a first approximation, and is 
essentially the same assumption made by all investigators who 
have studied phenolic ionization in proteins by ultraviolet ab- 
sorption. We assume also that the molar extinction coefficients 
of the species (—0+) and (—00) are identical, and denote them 
both by €, which may be taken experimentally as the molar ex- 
tinction coefficient for isoelectric tyrosine (i.e. the species 
(—0+)). Any error in this assumption must be relatively 
insignificant in the calculation of aon, since € is very nearly zero 
at the wave lengths used in our study. We denote ¢ the observed 
extinction, per mole of tyrosine present in all forms, at any given 
pH. Then, at the given pH, the function aon of Equation 7 is 
given by Equation 9. 
.- & 


———- (9) 
€max —~ & 


eon = 


Our measurements have been carried out at \ = 2950 (e) = 13; 
Emax = 2380) andat A = 3000 A (€ = 6; €max = 2034). Weas- 


sume that €o and €max in Equation 9 are independent of the ionic 
strength, wu, an assumption which seems to be well justified over 
the range of uw covered in our studies (0.16 and below). 
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Fig. 2. The functional relation defined by Equation 10 relat- 
ing pMon to pH. Figures adjoining the contour lines denote 
corresponding values of the ratio k132:k 12. 


function Mou (Equation 8) is immediately derived from aon 
and the measured pH. 

In considering Mou (or pMon) as a function of pH, it is useful 
to rewrite Equation 8 by dividing both sides by ky, and then 
dividing both numerator and denominator of the right hand side 


by kis. Setting z = (H*)/kis, Equation 8 then assumes the 
form: 
Ir + (ky32/ ki) 
Moun/ke = —— 10) 
ou/ 12 r+1 ( 


It follows that, if we plot pMon — phi. as a function ef pH — 
pkis, the form of the curve is uniquely determined by the ratio 
kiso:ki2. The functional relation is shown in Fig. 2 for several 
values of this ratio. We note that, as z becomes large (pH « 
pkis), the value of the ordinate approaches zero; as x approaches 
zero (pH > phki;), the ordinate approaches pkisz — pki2. When 
pH = phys (tx = 1), Mon = (hi2 + fis2)/2. This represents 
one method of evaluating ki3; others, which may be more con- 
venient, have been previously given (8). 

We note that a scheme of the form of Fig. 1 may be written 
for tyrosine at any given ionic strength, the k’s being ‘‘apparent 
constants” defined in terms of the pH and the concentration 
ratios of acid and conjugate base for each ionization step. The 
same scheme, of course, also holds for the true thermodynamic 
constants extrapolated to zero ionic strength. We shall denote 
the latter constants by /*, with appropriate subscripts. 


RESULTS 


The experimental values of pMon for tyrosine as a function 
of aon, at ionic strengths 0.04 and 0.16, are shown in Fig. 3. 
In evaluating the constants from the data, we note that, when 
Gou is very close to zero or to unity, the error in the function log 
laou/(1 — a@on)] becomes much larger, for a given absolute error 
in a, than it is when @ is not very far from 0.5. Consequently, 
the points at the extreme ends of the curve scatter much more 
than those near the middle, and they are given little weight in 
the choice of the constants listed in Table I, from which the 
calculated curves of Fig. 3 are determined. 
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Fic. 3. Values of pMox for tyrosine as a function of aon (see 
Equations 8 and 9). Solid symbols, values at u» = 0.04; open 
symbols, values at 4» = 0.16. Buffers used are denoted as follows: 
®, tris(hydroxymethyl)aminomethane; A, A, ammonia; O, @, 
glycine; (], @, «-aminocaproic acid. The curves are calculated 
from the values of pk2, pkis, and pkiz as given in Table I. 


Tase | 
Negative logarithms of ionization constants at 25° 


pk Value at 


Compound Constant |— ~~ - 
p = 0.16 + a= 0.04 | gs = 0.00 
L-Tyrosine pkie 9.63 + 0.02* | 9.64 9.71 
pkis 9.28 + 0.04 9.28 9.35 
Pkise 10.04 + 0.03 | 10.12 | 10.31 
pkis 9.69 + 0.05 9.76 9.95 
pK | 9.12 + 0.03 9.12 9.19 
pK,;*'©| 10.20 + 0.06 | 10.28 | 10.47 
pK. 9.11 + 0.01 9.12T 
pK, 10.13 + 0.01 | 10.29 
pKit 2.34 
pki§ 2.32 + 0.05 
O-methyl-L-tyrosine pK: 9.27 + 0.01 9.28 9.35 
pA, 2.30 + 0.029 2.21 
N-trimethyltyrosine pK, 9.75 + 0.019 9.819 
pK, 15 + 0.1 


* The estimated standard deviations are approximately the 
same at 0.044 as those listed at 0.164 throughout the table. The 
standard deviations for the values at zero ionic strength are 
slightly greater. 

7 This value was inferred by analogy from an extensive study 
of the variation of pK: of O-methyltyrosine with ionic strength. 

t Titration value, see the text. 

§ Spectrophotometric value. 

€ Titration and spectrophotometric values. 


Fig. 4 shows the same experimental data, plotted by the 
method of Equation 10 and Fig. 2. To obtain the best fit be- 
tween the calculated curves and the experimental data, it is 
desirable to plot the latter both by the method of Fig. 3 and by 
that of Fig. 4, adjusting the calculated constants by trial. There 
are three such constants, which may be taken as ki2, kis2, and 
kis (given these three, the value of ki23 is fixed by Equation 4), 
and the effects on the calculated curves of varying each of them 
independently should be examined. 
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Fig. 4. The data of Fig. 3, plotted against pH. The curves 
are calculated by Equation 10; compare the theoretical curves of 
Fig. 2. Experimental points: @, u = 0.16; X, u = 0.04. 


The data in Figs. 3 and 4 are for aon values obtained at 2950 
A; almost identical curves were obtained from measurements at 
3000 A. 

We note from Figs. 3 and 4 that pki: is nearly independent of 
ionic strength, between » = 0.16 and 0.04, whereas phiz2 is 
much more sensitive to ionic strength. This difference is to be 
expected, since the ionization step denoted by ki2 involves the 
conversion of the tyrosine dipolar ion (Z = 0) to an anion? 
(— — +) with Z = —1, whereas that denoted by ki32 involves 
the conversion of this anion to one-with Z = —2. The funda- 
mental equations of the Debye-Hiickel theory (see, for instance, 
(2), chapters 5 and 8) show immediately that the latter type of 
ionization should be far more sensitive to changes in ionic 
strength. 

The values of the negative logarithms of the microconstants, 
evaluated from the data shown in Figs. 3 and 4, are given in the 
first three lines of Table I for both ionic strengths. The values 
for pki23 in the fourth line are derived from the values of the first 
three microconstants by Equation 4 at each ionic strength. In 
the fifth and sixth lines the values of pKy*'* and pK;"« calcu- 
lated from the microconstants by Equations 5 and 4, respec- 
tively, are tabulated. 

The values of the macroconstants pK.°* and pK;°*, obtained 
directly by titration of tyrosine, are listed next. In calculating 
these values the negative logarithm of the activity coefficient of 
hydroxy] ion was taken as 0.12, in order to calculate the concen- 
tration of free hydroxyl ion present. The concentration of this 
ion over the entire range of pH studied was so low, however, that 
the exact value of the activity coefficient chosen did not influence 
the results. The pK values obtained by titrating the ammonium 
group of O-methyltyrosine and the hydroxyl group of N-tri- 
methyltyrosine, respectively, are also tabulated, and are denoted 
by pK¢ in the table. Spectrophotometric analyses for the latter 


+The fact that this anion contains three rather widely sepa- 
rated charges indicates that its electrostatic interactions with 
other ions are likely to be stronger than (for instance) those of a 
simple fatty acid anion with Z = —1. The anion (— — +) may 
for some purposes be regarded as being composed of an ionic group, 
the —O- group with a dipole composed of the —NH;* and —COO- 
groups, at approximately 7 A away from it. However, in calcu- 
lating effects of ionic strength on ions carrying a net charge, we 
shall consider only the net charge and ignore the effects of more 
complicated electrostatic interactions. A more refined treatment 
would be mathematically very difficult and would be justified 
only by data of very high precision. 
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two compounds at several pH values yielded in each case pK 
values identical with those obtained by titration. 

If we make the assumption that the —OCH; group is equiva- 
lent to an —OH group in its effect on the ionization of other 
groups in the molecule, pK» for O-methyltyrosine should be 
equivalent to pki; for tyrosine; and the two values do indeed 
coincide almost exactly. Likewise, if we assume that the 
—N(CH;)3* group is equivalent to an —NH;* group, pK» of 
N-trimethyltyrosine should be equivalent to pkiz of tyrosine. 
In this case, however, there is actually a distinct discrepancy, 
the former pK value being 0.12 greater than the latter at p = 
0.16, and 0.17 greater at » = 0.04. Thus it would appear that 
the —N(CHs)s* group has less effect than the —NH;* group in 
strengthening the acidity of the phenolic hydroxy] group. 

The values of the macroconstants pK.°** and pK;°"*, obtained 
directly from titration and listed in Table I, correspond well with 
the calculated values derived from the microconstants by Equa- 
tions 5 and 6, except for pK;°™*, at u = 0.16, which is 0.07 pH 
units lower than pK;*" at this ionic strength. The cause of this 
particular discrepancy is unknown. 

In the fourth column of Table I are listed the values of the 
various constants extrapolated to zero ionic strength. In making 
these extrapolations we have assumed the activity coefficient, 
7i, of an ion of net charge Z; to be given by the Debye-Hiickel 
equation in the form: 


log ys = 0.5 Z2V/u/(1 + AW yp) 


for the various conjugate acids and bases shown in Fig. 1. The 
value of A was taken as 2.5, corresponding to a collision diameter 
of 7.5 A, which is of the same order of magnitude as that found 
for other organic ions of similar dimensions to those of tyrosine 
(9). The activity coefficients of dipolar ions were taken as being 
given by the equation —log y = Kgu, the value of Kz being 
taken as an empirical parameter to fit the data. 

O-methyltyrosine was also titrated at u = 0.16 and 4.5°, 
yielding pK: = 9.76. In conjunction with the value obtained 
at 25° (Table I) this gives an apparent heat of ionization of 
AH® = 9.3 + 0.5 kilocalories per mole. This value is in the 
range characteristic of amino ionizations but is lower than most 
of those reported in the literature, which are commonly 10 to 
12 kilocalories per mole ((2), chapter 8). 

Since for tyrosine the ionization of the carboxyl hydrogen is 
effectively complete before the other ionizations take place, the 
determination of the macroconstant pK, by titration with stand- 
ard acid also yields directly the microconstant pki; at wu = 0.16 
and 25° this was found to be pK; = pki = 2.34 + 0.01, if the 
logarithm of the activity coefficient of hydrogen ion (log yu) were 
taken as —0.12 in calculating the concentration of free hydrogen 
ion from the pH measurements. For an assumed value of 
—log ya+ = 0.11, pK; was calculated from the same data as 
2.38 + 0.01. Since a variation of only + 0.01 in the assumed 
value of —log ya+ causes a variation of 0.04 in pK,, alternative 
methods for the determination of this constant were sought. 

A spectrophotometric analysis of tyrosine solutions at 2350 to 
2400 A and several pH values yielded pK; = 2.32 + 0.05. The 
molar extinction coefficient, e, for the cation (00+) was found to 
be 1913 at 2350 A; that for the dipolar ion (—0+) was 1448 at 
the same wave length. Since these € values are not very differ- 
ent, the probable error in the pK; value is larger than for the titra- 
tion of a phenolic group, but the spectrophotometric value agrees 
with the value from direct pH titration within the limits of error. 
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The greater solubility of O-methyltyrosine permits the de- 
termination of pK, at concentrations where its value is not very 
sensitive to uncertainties in the value of —log yu. Since pK: 
of O-methyltyrosine is in good agreement with the pki; value 
determined spectrophotometrically on tyrosine, it may be as- 
sumed that an O-methy] group in the p position of the benzene 
ring is equivalent to an —OH group. Therefore, the value of 
pk, = 2.80 + 0.02, determined by titration and spectrophoto- 
metrically at 2380 and 2400 A on O-methyltyrosine at up = 0.16 
and 25°, may be taken as the value for the same ionization in 
tyrosine. At zero ionic strength this becomes pk,° = 2.21. 

As previously mentioned, the carboxyl hydrogen ionizes so 
completely before other ionizations occur that ke, ks, and suc- 
ceeding ionization constants cannot be evaluated on tyrosine 
itself. Therefore, the model compounds, tyrosinamide and 
tyrosine ethyl ester, were synthesized, and their ionization con- 
stants, evaluated by titration, are given in Table II. 

The amino hydrogen of the ester or amide ionizes almost com- 
pletely before the phenolic hydrogen even begins to ionize 
appreciably. Hence the values obtained by titration may be 
used to infer the values of the microconstants k; and ko. 

Application of the spectrophotometric technique of the pMoun 
versus ton plot to tyrosinamide yields a sharply ascending curve 
for 0.0 < aon < 0.1 with an indeterminate left-hand ordinate 
intercept. The value of pMox is represented by a nearly hori- 
zontal line for aon > 0.1, intersecting the right-hand ordinate at 
pK, = 9.89 + 0.01. The latter value is in agreement with the 
titration value recorded in Table II. The nature of the curve 
indicates that K, > 100 K» (compare Fig. 3 in the paper of 
Edsall et al. (8) for an example of the relations involved). 

The excellent agreement of the heats of ionization for tyro- 
sinamide with those of similar compounds (see, for instance, 
(2), chapter 8) further confirms the assignments in Table II, 
ie. the first constant represents an ammonium and the second a 
phenolic ionization. Utilizing an effective collision diameter of 
approximately 7 A in the Debye-Hiickel expression for the 
activity coefficient, the thermodynamic pK° values for tyro- 
sinamide are calculated as 7.37 and 10.00. 

The results for tyrosine ethyl ester are not identical with those 
for tyrosinamide. Since the ester group more nearly resembles 
a carboxyl than does an amide group, the value of pK, for the 
ester will be used for pk3; and the value of pK», for the ester for 
pkso in the scheme of Fig. 1. The extrapolated values at n = 0 
are pk3® = 7.19 and pk3.° = 9.91. 

The value of the microconstants hitherto discussed, and those 
that may be derived from them by the thermodynamic properties 
of a cyclic system, include all the constants indicated in Fig. 1, 
except ke, kn, and kes. If any one of these were known, the 
values of the other two would also be determined.‘ At zero 
ionic strength, these constants may be evaluated if the concept 
of electrostatic additivity is assumed, i.e. as shown in Equation 


pkiji? —_ pki? = pki? _ pk;° (11) 
11, where i, j, and k represent the Groups 1, 


order. 


2, and 3, in any 
This equation is correct to within 0.1 in pk® for cysteine’ 


‘The microconstant kz might be independently estimated by 
means of a study of N-trimethyltyrosine ethyl ester as a model 
compound. However, as indicated above, N-trimethyltyrosine 
is not a particularly useful model compound and any value derived 
from its ester would, therefore, be suspect. The evaluation of 
ke will be discussed subsequently. 

5 The values tabulated by Edsall and Wyman ((2), p. 503) are 
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TaBLe II 


Negative logarithms of ionization constants of tyrosinamide 
and esters at 0.16 u* 





pKs (hydroxyl group) 




















| pK: (ammonium group) | 
C p A ane 9 nent ————— 
| 25° | aHt | 2s | 2° | aut 
} eee ce o PEA, wehaiaed 
Tyrosinamide. . . 8.05 | 7.48 | +10.0 | 10.20 | 9.89 | +5.5 
Tyrosine ethyl eater | 7.33 | | 9.80 | 
O-methyltyrosine | | 
ethyl ester....... | 7.31 





* All standard deviations are of the order of +0.01 at 25° and 
+0.02 at 2.5°. 
t Value in kilocalories per mole; estimated error, +0.5. 


and to within 0.05 in pk® for glutamic acid (Edsall and Wyman 
(2), chapter 9). Its use would therefore seem justified for tyro- 
sine, and the error introduced is probably not much greater than 
the uncertainties attending extrapolation to zero ionic strength, 
i.e. + 0.05. 

Assuming electrostatic additivity throughout the scheme at 
zero ionic strength the relations shown in Equations 12 to 14 
are apparent from Fig. 1. 


pkies° — pkis® = pkise® — pki? = pkes® — pk;® (12) 
= pk32° —_ pk,° = 0.60 = Apke;° 
pkis2? — pks2° = pkea® — pka® = pka® — pk,° 13) 
( 
= pki2° _— pk2° = 0.40 = Apki.° 
pkosi° — pkei® = pkiss® — pkos® = pksi® — pki? 
(14) 


= pkis® = pk;° = 2.16 = Apkis° 


The relations given in Equation 12 represent the interaction of 
ionized and un-ionized phenolic groups on the amino ionization, 
as well as the reciprocal effect of ionized and un-ionized amino 
groups on the phenolic ionization. The resulting interaction is 
denoted as Apkz;°. Similarly, Equation 13 represents the 
phenolic-carboxyl interactions, and Equation 14, the amino- 
carboxy] interactions. 

It should be emphasized that the relations expressed in Equa- 
tions 12, 13, and 14 can be expected to hold only at zero ionic 
strength, when intermolecular interactions are eliminated. 
(Even under these conditions, of course, they do not necessarily 
hold rigorously.) However, when pk2°, pka®, and pke3° have been 
evaluated at zero ionic strength, the corresponding pk values at 
finite ionic strength may then be calculated by means of the 
Debye-Hiickel relations. 

Making use of the additivity equations given above, we may 
now write down the 12 ionization constants in the scheme of 
Fig. 1; these are given in Table III. For comparison, the values 
reported by Brand et al. (7) are also listed as a footnote to the 
table. 


DISCUSSION 


The first complete ionization scheme for tyrosine was given by 
Brand et al. (7). They determined pk: from ultraviolet absorp- 


derived from the measurements of Benesch and Benesch (6) at 
ionic strengths of the order of 0.1. At these ionic strengths the 
additivity relations are accurate only within +0.15 in Apk;;, but 
the discrepancy is reduced to +0.10 or below if the data are ex- 
trapolated to np = 0. 
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TaBLe III 
Negative logarithms of microconstants of tyrosine at 25° 
pK Value at 
lonizing group Constant Source of value 
uw = 0.16 w=0 
COOH pki 2.30 2.21 Table I 
pkoi 2.51 2.61 Equation 13 
phar 4.25 4.37 —* 
pkesi 4.49 4.77 —t 
OH pke 9.42 9.31 Equation 12 
Pki2 9.63 9.71 Table I 
pkze 9.80 9.91 Table II 
Pkise 10.04 10.30 Table I 
NH*; pk; 7.33 7.19 Table II 
phis 9.28 9.35 Table I 
pkos 7.71 7.79 Equation 14 
Phiss 9.69 9.95 Table I 

















* Derived from the relation: k3:1 = kiki3/k3 (see Fig. 1). 

t If ks, is determined as above, then ko3; = k3iki32/k32. Brand 
et al. (7) reported the following pk®° values for the constants listed 
here, written in the same order as in the list above. Carboxyl: 
2.13, 2.69, 4.10, and 4.54; hydroxyl: 9.17, 9.73, 10.02, and 10.46; 
ammonium: 7.29, 9.26, 8.14, and 9.99 (see the text). 


tion measurements at pH 7.2 to 8.0, and pkis2 from measurements 
at pH values near to 11. Their values of pk3 and pk: were de- 
rived from measurements on tyrosinamide; our experimental 
results on this compound are closely in accord with theirs, but, 
as indicated above, we have preferred the data for tyrosine ethyl 
ester for estimating these microconstants. Their value for pk; = 
pK, was obtained from spectrophotometric measurements at 
approximately 2400 A. Their method of evaluating some of the 
constants is difficult to ascertain exactly from the brief abstract, 
which is the only printed record of their work. Several of their 
pk® values agree with ours within less than +0.10. However in 
some cases, notably for pks.°, pk2a°, and pke3°, the discrepancy 
is of the order of 0.25 or more. In the absence of a detailed re- 
port of their data and calculations, we conclude that our own 
values are the more reliable, and we shall use them in the re- 
mainder of the discussion. It should be remembered, however, 
that Brand et al. formulated the complete ionization scheme and 
obtained values for the constants involved, nearly 15 years ago. 

Several investigators have reported spectrophotometric pK 
values for tyrosine, making the implicit assumption that the 


TaBLe IV 


Calculations of distances between groups by the Kirkwood- 
Westheimer theory 














| 
Constant =< | Rmax* Rmin* Reaict | De | Cos 0§ 
Fes | 
| | | | Lica 
Apks:° | 0.60 | 8.5 | 6.0 | 6.95 | 58 | 
Apk 2° | 2.16 | 4.0 | 3.6¢ | 3.75 | 30 | 77° 





* Estimated to 0.5 A. 

t Calculated to 0.05 A. 

t Free rotation value from Westheimer and Shookhoff (13). 

§ For the calculation of Apk,;° a spherical model was used; for 
the definition of @ see the text. 
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quantity denoted by us as pMoun was a true constant, inde- 
pendent of pH or of aon. Most of the values so obtained have 
been listed by Beaven and Holiday ((10) p. 346). At 25° and 
ionic strength of approximately 0.15, the three values listed by 
them for tyrosine are between 10.04 and 10.10. It will be noted 
that these values coincide closely with our own values for pki 
under the same conditions. At high values of aon, it is apparent 
from Fig. 3 that pMox does not vary rapidly with aon, and the 
variations in this range might be disregarded by some authors 
in an approximate treatment. However, it is evident from our 
data that it is impossible to account for the experimental facts 
by assuming a single pK value for the hydroxyl group of tyro- 
sine. 

It is of some interest to note that our value for the macro- 
constant, pK» (Table I) agrees within 0.01 pH units with the 
value obtained in the pioneer investigation of Hitchcock (11), 
who determined the pK values by measuring the variation with 
pH of the solubility of tyrosine. His value of pK3 does not 
agree so closely with ours; since his work was not carried out at a 
constant ionic strength, comparison is difficult. The values re- 
ported by Albert (12) for the three macroconstants of tyrosine, 
2.20, 9.19, and 10.43, agree quite well with ours, if it is assumed 
that his measurements were made at a low ionic strength. 

The three Apk® values given in Equations 12, 13, and 14 are 
determined by interactions between the ionizing groups. If we 
consider these interactions to be purely electrostatic, the Kirk- 
wood-Westheimer theory (4) may be applied. The distances 
between the groups, which we denote by R, may be calculated 
and compared with values estimated from molecular models. In 
Table IV the results of such calculations are given. 

The maximal and minimal R values were estimated to 0.5 
A from molecular models. The partial molar volume of tyrosine 
(14) was taken as 123.6 cm. (205 A*® per molecule). The el- 
lipsoidal model, in which the protons of the groups concerned 
are considered to be at the foci of an ellipsoid of revolution and 
separated by a distance R, was used for the first two cases. For 
the last case a spherical model was used, 0 being the angle formed 
by the line joining the 2 protons concerned to the center of the 
molecule, which is considered as a sphere. Dz is the effective 
dielectric constant for interaction between the groups as cal- 
culated from the theory. It will be seen that the calculated 
distances are entirely compatible with those derived from the 
molecular models and indeed are not far from the mean of the 
maximal and minimal possible distances. 

Two other comparisons may be made which are of some 
interest. The difference pk3.° — pki.° = 0.20 may be at- 
tributed to the effect of the carboxyl-amino dipole on the phenolic 
ionization. The difference is in the direction expected. 

The pK» value for the ammonium group of phenylalanine at 
uw = 0.16 and 25° was found to be 9.17 + 0.01. Since the effect 
of ionic strength on this pK value should be about the same in 
phenylalanine as in pki; of tyrosine (Table I) the difference 
9.28 — 9.17 = 0.11 represents the effect on the amino group of 
introducing a hydroxyl group into a p position of the benzene 
ring. The effect of an aliphatic hydroxyl] or methoxy group is 
always to strengthen the acidity of neighboring groups ((2), 
chapter 8), whereas: in this case an aromatic methoxy group 
produces the opposite effect. Ingold (15) has discussed a 
similar but weaker effect of a p-methoxy group on the acid 
strength of the carboxyl group in phenylacetic and phenyl- 
propionic acids, and concludes that there is “an acid-weakening 
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disturbance associated with para-substituents having unshared 
electrons adjacent to the benzene ring.” ((15) p. 739). He 
terms it a mesomeric (+M) effect. On the other hand, West- 
heimer (16) has interpreted the same experimental data used in 
Ingold’s discussion in terms of an electrostatic interaction be- 
tween the methoxy group dipole and the ionizing group; the 
difficulty here arises from uncertainty as to the orientation of 
the dipole. We make no attempt here to resolve the discrepancy 
between these two points of view. 


EXPERIMENTAL 


The pH values were measured on a Beckman model G pH 
meter and were calibrated from buffers recommended by the 
United States Bureau of Standards (17). Ultraviolet absorp- 
tion measurements were made ona Beckman model DU spectro- 
photometer. The preparations of tyrosine and O-methyltyrosine 
used have been described in the preceding paper (18). Tyrosin- 
amide and tyrosine ethyl ester were prepared by standard 
methods and twice recrystallized from absolute ethanol and from 
an ethanol-ether mixture, respectively. Their purity was 
checked also by the equivalent weight derived from titration; 
the measured pK values, at constant ionic strength, were constant 
within +0.01 over a range of NaOH /(total amide or ester) from 
0.2 to 0.8. All the materials studied had the L configuration, 
but since this fact is not relevant to the pK values discussed in 
this paper the prefix L has been omitted in designating them. 

For the preparation of \-trimethyltyrosine 10 gm. of tyrosine 
were dissolved in about 300 ml. of absolute methanol made just 
sufficiently alkaline with 40 per cent alcoholic NaOH solution 
to effect dissolution. About 30 ml. of methyl iodide were added 
and the solution gently warmed in the dark. The initial pre- 
cipitate was redissolved by cautious addition of just a sufficient 
amount of 40 per cent alcoholic NaOH. After about 2 hours 
the solution and precipitate were cooled and filtered. The 
precipitate was dissolved in water, adsorbed on Dowex 50-X8 
in H+ form, eluted with N ammonia, and evaporated to dryness. 
The residue was taken up in water and adsorbed on Dowex 
1-X8 in OH- form. A small amount of O-methylated product 
was not adsorbed. Elution with 0.5 N acetic acid yielded a 
solution of the acetate salt of N-trimethyltyrosine which was 
evaporated to dryness. The acetate was then exchanged on a 
short Dowex 50 column. The solution was taken to dryness 
and the hygroscopic, isoelectric N-trimethyltyrosine was care- 
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fully dried in a vacuum over P,O;. The melting point was 
approximately 260° with decomposition. The analysis is as 
follows: 


CywHyO;N 
Calculated: C 64.5, H 7.68, N 6.29 
Found: C 64.6, H 7.76, N 6.24 


Ultraviolet absorption data, compared with those for tyrosine, 
were as follows: 


pH > 13 pH 4.7 
Tyrosine 
Amax = 2930, max = 2390 Amax = 2750, Emax = 1400 
N-trimethyltyrosine 
Amax = 2920, emax = 2350 Amax = 2740, Emax = 1340 
SUMMARY 


Each of the three ionizing groups in the tyrosine molecule is 
characterized by four acidic constants (microconstants) since 
the tendency of each group to accept or donate a proton depends 
on the state of charge on the other two groups. Values for 
these 12 microconstants have been obtained at different ionic 
strengths, from spectrophotometric measurements at different 
pH values, from studies on the ionization of tyrosine derivatives, 
and from mathematical relations between the constants. From 
the charge interactions between the ammonium and phenolic 
groups, a distance of 7.0 A between these groups is calculated, 
using an ellipsoidal model of the type proposed by Kirkwood 
and Westheimer (4). The distance between the carboxy] and 
phenolic protons was calculated as 7.7 A in the same manner. 
These values are compatible with those derived from molecular 
models, with the use of correct interatomic distances and bond 
angles. 

The preparation of N-trimethyltyrosine is described; pK 
values are reported for this compound, and also for O-methyl- 
tyrosine, tyrosine ethyl ester, O-methyltyrosine ethyl ester, and 
tyrosinamide. 
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In a recent study of recovery of amino acids added to human 
plasma, it was found that L-tryptophan was bound by a non- 
dialyzable plasma component (1). In the present work, this 
solute is identified as serum albumin. This observation is of 
considerable interest since tryptophan is an essential amino acid, 
with many pathways of metabolism. An investigation was, 
therefore, undertaken to determine which structural features of 
tryptophan are responsible for its binding and to elucidate the 
nature of the binding site of the protein. 


EXPERIMENTAL 
Materials 

Proteins—The proteins used in this study were prepared with- 

out contact with small organic molecules except citrate, dex- 
trose, ethanol, and acetate used in blood collection and fractiona- 
tion. ; 
Fresh human plasma fractions were obtained from the Pro- 
tein Foundation, Jamaica Plain, Massachusetts. Each was 
dialyzed extensively against buffer before studies of binding 
were undertaken. Human Fraction V was estimated by elec- 
trophoretic analysis to be 97 per cent albumin and 3 per cent 
a-globulin. It was dialyzed extensively against 0.1 m NaCl 
solution and then against water; then it was deionized by the 
method of Dintzis (2). Bovine Fraction V, obtained from Ar- 
mour Laboratories, Chicago, Illinois, was dialyzed extensively 
against buffer before use. Bovine mercaptalbumin (crystallized), 
prepared by the method of Dintzis (2), was kindly supplied by 
Dr. T. Thompson, formerly of this laboratory. 

Preparation of Guanidinated Albumin—Bovine mercaptal- 
bumin was guanidinated by the method of Hughes et al. (3). 
The extent of guanidination was controlled by pH and quantity 
of O-methylisourea added. In Table I the conditions used for 
each preparation are listed. The amount of guanidination was 
determined by amino acid analyses (see below). Ultracentrif- 
ugal analysis of one preparation, 5CII, indicated no gross 
heterogeneity in molecular weight. 

Preparation of Acetylated Albumin—The method of Fraenkel- 
Conrat et al. (4) was used for acetylation of bovine mercaptal- 
bumin. The extent of reaction was controlled by the amounts 
of acetic anhydride added. Table I gives the conditions used 
for these preparations. Amino acid analyses performed on the 
hydrolysates were used to determine the groups acetylated. 
Ultracentrifugal analysis of one preparation, 135CI, indicated 
no gross heterogeneity in molecular weight. 


* Aided by grants from the National Cancer Institute of the 
United States Public Health Service (Grant No. C-2497). Taken 
in part from a dissertation submitted by Rapier H. McMenamy 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy, Harvard University, Cambridge (1958). 


Acetylation of Guanidinated Albumin—Guanidinated albumin 
preparations 5AII and 5CII were acetylated under the condi- 
tions specified in Table I. The groups acetylated were deter- 
mined by paper chromatography. 

Tryptophan and Its Homologues—.-Tryptophan and p-trypto- 
phan were obtained from Mann Research Laboratories, Inc., 
New York. Each was recrystallized twice from hot 70 per cent 
methanol, as suggested by Beaven and Holiday (5). [olirrs FS 
found for L-tryptophan was —36.5°, and for p-tryptophan, 
+35.0°. N-acetyl-L-tryptophan, L-tryptophan ethy] ester, trypt- 
amine, and 5-hydroxytryptamine were obtained from Mann 
Research Laboratories, Inc. These compounds were not re- 
crystallized. 

a-Methyl pi-tryptophan, pi-tryptazan, 5-methyl p-trypto- 
phan, and 6-methyl pL-tryptophan were kindly supplied by Dr. 
N. Tanaka and Dr. Eugene Knox of the Cancer Research Insti- 
tute, New England Deaconess Hospital, Boston. The 5- and 
6-methy] derivatives had been prepared by Dr. H. R. Snyder (6). 

L-Tryptophan methyl ester and p-tryptophan methyl ester 
were prepared by dissolving p- or L-tryptophan in cold absolute 
methanol (—5°) saturated with hydrogen chloride. 

Guanidinated L-tryptophan  (@-indole-a-guanidopropionic 
acid) was prepared by the method of Kapfhammar and Miiller 
(7) with the use of O-methylisourea and tryptophan. 

Other Reagents—O-methylisourea hydrochloride was prepared 
by the method of McKee (8). Cyanamide for this preparation 
was obtained from the Fisher Scientific Company, New York. 

2-Amino-2-hydroxymethy]-1 ,3-propandiol, was obtained from 
Sigma Chemical Company, St. Louis. 


Methods 

Dialysis—Binding was studied by equilibrium dialysis. 30 
feet of Visking dialysis tubing, size 23/32, were washed, to re- 
move associated impurities, by soaking in frequently changed 
distilled water (added through the inside of the tubing) for 3 
days. The dialysis tubing was then cut into 1-foot lengths; 
each length was tied at one end, and after a sealed glass tube 
(50 mm. long, 16 mm. outside diameter) partly filled with lead 
shot had been placed inside, was inflated gently with nitrogen 
and clamped shut. When dry, the membranes were cut beneath 
the clamp and inserted into glass tubes containing 4 ml. of 0.1 m 
NaCl or buffer solution. The glass tubes were of 220-mm. length 
and 20-mm. inside diameter and had the tips drawn to a point 
to accommodate the knot of the membrane. Inside the dialysis 
sacs were placed 2.5 ml. of an approximately 2.8 per cent pro- 
tein solution. The small molecule whose binding to albumin was 
to be measured was added to either the inside or the outside solu- 
tion. The end of the dry dialysis tubing extended well above 
the solution levels and was left open. A maximum of 30 such 
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dialysis tubes was then placed on a rotating rack constructed 
to hold the tubes at an angle of 30° to the horizontal and to ro- 
tate them at 5r.p.m. The weighted glass tubes inside the dialy- 
sis sacs gave a thin layer of protein solution, and, as the dialysis 
tubes rotated, agitated both the dialysate and protein solution 
by pressing against the downward side. Equilibrium was ob- 
tained in 5 hours at 2°. 

Determination of Tryptophan and Its Homologues—The con- 
centrations of tryptophan and its homologues were determined 
in the dialysates by one of two methods as follows. 

1. Spectrophotometric. Absorptions of solutions of the com- 
pounds were measured in the ultraviolet region (Table II) with 
the use of a Beckman model DU spectrophotometer. To account 
accurately for background, each set of experiments was _per- 
formed with three or more control tubes containing protein solu- 
tion, salt solution, and the membrane, but none of the binding 
molecule. The average optical density of the control dialysates 
was subtracted from each analysis. Background readings from 
tubing of the same washing showed a variability equivalent to a 
standard deviation of 0.0013 mm tryptophan. At concentra- 
tions greater than 0.03 mm tryptophan the coefficient of varia- 
tion of an analysis was estimated at 5 per cent. Negligible 
amounts of the small molecules were found to be bound to the 
membrane. 

2. Paper chromatography. In competitive studies between 
indole compounds it was necessary to separate the compounds 
to measure their concentrations. This was accomplished by 
one-dimensional paper chromatography as follows. 

Solvent A was the buffered, salt-saturated, isopropanol solvent 
A described by MceMenamy et al. (1); the papers were pretreated 
according to the method reported in the same reference. The 
time of development on Whatman No. 1 paper was reduced to 
6 hours. Competitive studies of L-tryptophan (Rr = 0.35) 
with L-tryptophan ethyl ester (Ry = 0.85), p- and L-tryptophan 
methyl esters (Rr = 0.75), and N-acetyl-t-tryptophan (Rp = 
0.70) were analyzed with this solvent. 

Solvent B was an acetic acid, water, and isopropanol mixture 
(volume ratios, 10:20:70) saturated with salt by addition of 
solid sodium chloride. Whatman No. 1 paper, dried after 
being dipped in a 3 per cent aqueous solution of sodium chloride, 
was used for the chromatograms. The chromatograms were 
developed for 10 hours. Solvent B was used for the competitive 
studies of L-tryptophan (Ry = 0.70) with 5-methyl pL-trypto- 
phan (Ry = 0.75), 6-methyl pi-tryptophan (Rr = 0.80), a- 
methyl pi-tryptophan (Rr = 0.80), and pi-tryptazan. The 
Ry value of pL-tryptazan was not determined since it gave no 
color reaction with the indole staining reagent. 

The quantity of the indole compounds in the dialysates was 
determined as follows. An aliquot of each dialysate was con- 
centrated 30-fold by freeze-drying and applied to the paper in 
3-, 6- and 12-yl. volumes. A standard solution containing 
tryptophan (1 mm) and the competitive indole derivative (1 
mM) were placed on the paper in 1.5-, 3-, 6-, 9-,and 12-yl. vol- 
umes. After the chromatograms had been developed and dried, 
they were stained with Ehrlich’s reagent according to Smith’s 
modification (9). The amounts of each indole compound on 
the paper were estimated by visual comparison of its zone color 
intensity with that of the standard. The coefficient of variation 
in this determination was approximately 6 per cent. 

Analysis of Protein Hydrolysates—Two hydrolyses were per- 
formed, one directly on the modified albumin, and the other on 
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TaBLe I 
Protein modifications* 
. | Percentage of 
Experiment No. Abe ae pH Time areegercem 
solution a 
a-NH: | «-NH2 
pmoles | pmoles mil. | | days % % 
Guanidinated | 
preparations | 
135EI 6.6 | 4,600, 2 10.5 | 3 | o | 95 
5All 6.6 | 4,500) 2 8.5) 4 0 65 
5CII 6.6 | 4,500; 2 | 0.5 | 4 | 10 | 70 
31All 26.0 |18,0001 7 | 9.6/ 8 | 2 | 85 
Acetylated 
preparationst 
135BI 6.6| 73} 2 | 8.0| 3 | 50 | 7 
135CI 6.6| 145 2 | 8.0|/ 3 | 80 | 17 
135DI 6.6| 290' 2 | 10.0! 3 | 100 | 35 
Acetylation of | 
guanidinated | 
preparationst | 
5AAII 2.2 25 2 | 8.0! 5 |>e0 | 68 
5CAII 2.2| 25] 2 | 8.0] 5 |>60 | 78 





* Modifications were made at 2°. Dialysis was used to remove 
unreacted reagents. 
+ Carried out in 0.05 m ethylenediaminetetraacetate. 


Tas.e II 
Molar extinction coefficients used for compounds in study 





Molar extinction 


Substance coefficient | 


Wave length 


L-Tryptophan. . 5650 279 
p-Tryptophan. ... “yi gs 5650 279 
Acetyl-L-tryptophan....... ; 5300 279 
L-Tryptophan ethyl ester. .... | 5650 279 
L-Tryptophan methyl ester. . . 5650 279 
p-Tryptophan methyl ester. . 5650 279 
Tryptamine................ 5300 279 
5-Hydroxytryptamine......... | 5480 275 
Indoleacetic acid. .......... 5100 279 
5-Hydroxyindoleacetic acid. ......| 5300 279 
a-Methyl pi-tryptophan... 5650 279 
6-Methy] pt-tryptophan .. 5650 279 
5-Methyl pi-tryptophan...... 5650 79 
DL-Tryptazan............. 5650 | 288 

280 


Guanidinated L-tryptophan... 5000 





the modified albumin after it had been treated with dinitro- 


fluorobenzene by Brown’s procedure (10) (DNP-'modified 
albumin). 
Hydrolysis. The proteins were hydrolyzed in evacuated, 


sealed glass tubes at 110° for 16 hours with the use of 6 n HCl. 
The hydrolysates were dried and dissolved in 0.5 m NH,OH in 
the ratio of 0.5 ml./8 mg. of protein hydrolyzed for amino acid 
analyses and in the ratio of 0.2 ml./20 mg. of protein hydrolyzed 
for DNP-aspartic acid analyses. 

Standards. Hydrolysates of the original albumin, and of the 
original albumin after reaction with dinitrofluorobenzene, were 
prepared under the same conditions used for the modified pro- 


' The abbreviation used is: DNP-, dinitrophenyl-. 
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teins. These two hydrolysates were used as standards to de- 
termine the percentage of the amino acids which had been modi- 
fied in the acetylated and guanidinated preparations. 

Analysis for DN P-Aspartic Acid—The N-terminal amino acid 
residue of human and bovine serum albumin is aspartic acid 
(10-12). The extent to which the a-amino group of aspartic 
acid was acetylated or guanidinated was determined by analysis 
for DNP-aspartic acid in hydrolysates of DN P-modified proteins. 
Because of the destruction of DNP-aspartic acid during hydroly- 
sis the amount present was determined relative to the control 
hydrolysate of unmodified albumin reacted with dinitrofluoro- 
benzene. The amount of DNP-aspartic acid (Rp = 0.10) was 
determined by elution of a series of zones from a row of 10 ap- 
plications (5 ul. each) on Whatman No. 1 paper developed for 4 
hours in Solvent A, and by reading the optical density of the 
eluate at 360 my (13). 

Analysis to Determine Amounts of Lysine Modified—The hy- 
drolysates of modified albumins, and modified albumins after 
reaction with dinitrofluorobenzene were analyzed for free lysine. 
3-, 6-, and 12-yl. aliquots were placed on S and S No. 589 paper 
(green ribbon) which had previously been dipped in a borate 
buffer solution, pH 8, containing 3 per cent sodium chloride and 
then dried (1). As a standard, the hydrolysate of unmodified 
albumin was placed on each paper in 1-, 2-, 3-, 6-, and 12-yl. 
aliquots. The chromatograms were developed in the isopro- 
panol, salt-saturated Solvent A for 60 hours. They were dried 
and stained with a ninhydrin-collidine reagent (1). The amounts 
of lysine present in each were visually estimated relative to the 
standard. 

In the guanidinated preparations, the value of lysine found in 
the hydrolysates of the protein untreated with dinitrofluoro- 
benzene was taken as the fraction of lysine which had not reacted 
with O-methylisourea. In acetylated preparations the amounts 
of lysine found in the DNP-protein hydrolysates were equiva- 
lent to the fraction of lysine acetylated. 

Analysis to Determine Amounts of Protein Hydrolyzed—The 
amount of protein which had been placed in the sealed tubes for 
hydrolysis was determined from the analysis of three amino acids, 
viz. alanine, arginine, and glutamic acid. These analyses were 
made from the same chromatograms used for lysine determina- 
tions. The composite average value of these three amino acids 
was used as a parameter to adjust all concentrations relative to 
the standard. 

pH Measurements—After dialysis, hydrogen ion activities of 
the protein solutions were measured at 2° after dilution to an 
approximate concentration of 0.7 per cent protein with 0.1 m 
NaCl. The pH meter used was manufactured by the Cambridge 
Instrument Company, Inc. of Ossining, New York. In a few 
instances the hydrogen ion activities of unbuffered protein solu- 
tions were measured at room temperature and converted to 2° 
by use of Tanford’s titration data (14) assuming that AH was 
constant over the temperature range of 0-25°. 

Measurement of Protein Concentrations—Concentrations of 
protein were determined by refractive index measurements (15). 
Concentrations of some of the modified albumins were also de- 
termined spectrophotometrically at 280 my., with the use of 
extinction coefficients of 5.3 and 6.6 for 1 per cent solutions of 
human and bovine albumin, respectively (16). 


Equations and Experimental Factors Used in this Study 


1. Equations—Equation 1, given by Scatchard (17), is the 
general equation which takes into account the statistical and 
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electrostatic effects in association of small molecules to multiple 
sites, n, of the same intrinsic affinities, k°, on a protein. 


7 ettotae = k°_n — ky (1) 


where 7 is the molar ratio of the bound small molecule to albumin, 
A is the molar concentration of the small binding molecule, Z, 
and Z.4 are the net charges on the protein molecule and small 
molecule, respectively, and w is the electrostatic parameter of 
the Debye-Hiickel theory. The electrostatic term, ¢474», 
equals 1 when the small molecule has zero net charge. A plot of 
(0/A)(e2n24”) versus 0 gives a straight line with intercepts 
kn (as  — 0) and n (as 7/A) @%»24" — 0). When more than 
one set of sites with intrinsic constants k;° and number of sites 
n; are present, a curved line is obtained. The intercepts on 
the axes are then 2n,k,;° and Yn;. In this instance the values of 
n; and k;° for each set of sites may frequently be determined with 
reasonable precision by fitting a curve to the plot through caleu- 
lations of 7 and A for different values of k; and n; in Equation 2, 


Te nik;°(A)e~22Zp2 aw 
PO PES TE he (Ade tpt ae 





(2) 


In this study an enhanced affinity was usually observed at the 
first site, thus nm, equaled 1. The product kan for the secondary 
site was determined with reasonable accuracy. Individual 
values for k. and nz could only be approximated because the 
study was not extended to obtain an intercept on the 7 axis. 

Competition for a single site by 2 molecules, when concentra- 
tions of both are measured, can be expressed by Equation 3, 
(A) (B) 


Guess" "aaa 


ka“le*¥r% 4") (B bound) 


where k,4° and kg° are the intrinsic binding constants of the 
molecules A and B, and (A bound) and (B bound) are the molar 
concentrations of the bound molecules. 

2. Experimental Parameters Used—A molecular weight of 
69,000 was assumed for bovine and human serum albumin. The 
net charge on the protein, Z,, was taken from Tanford’s titra- 
tion curve at 0° (14) with an additional 5 negative charges added 
to take into account chloride-binding in 0.1 m NaCl solution. 
(The binding was approximated by extrapolation of the data of 
Scatchard et al. (18)). The electrostatic parameter, w, was 
calculated from molecular dimensions, using 30 A for the radius 
of the albumin molecule and 32.5 A as the radius of exclusion. 
In 0.1 ionic strength at 2°, w equals 0.037. A Donnan correc- 
tion was applied whenever the molecule bound had a net charge. 
A partial specific volume correction was made, allowing 0.74 
ml. per gm. of albumin, for the solution inside the dialysis sac. 


RESULTS 
Binding of t-Tryptophan to Albumin at pH 7.4 

L-Tryptophan did not bind appreciably to any plasma frac- 
tion at pH 7.4 unless the latter contained albumin. 

Fig. 1 shows the binding of L-tryptophan to bovine mercap- 
talbumin in 0.05 m phosphate buffer at pH 7.4 and 2°. The 
experimental points were best fitted by a binding constant of 
1.6 X 10‘ and a value of n, the number of binding sites on the 
albumin molecule, equal to 0.94. Since this was a protein prep- 
aration of high purity, the values indicated that less than one 
site per albumin molecule was available for binding. Any cor- 
rection which allowed for loss of tryptophan further reduced 
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this value. It was thus suspected that a maximum of one site 
on the albumin was binding, but that this one site was partially 
blocked. (See below, “Effects of Fatty Acids on Binding of L- 
Tryptophan.”) With human albumin, an n value of slightly 
less than 1 was similarly found. 


pH Dependence of L-Tryptophan-binding 


The binding of L-tryptophan to Fraction V from human 
plasma was studied as a function of pH in 0.1 mM NaCl. In Fig. 
2 it is seen that a change of pH did not change the number of 
sites at which the strongest binding occurred. There was, how- 
ever, a small amount of binding at other positions as indicated 
by 7 values greater than 1 at high concentrations of tryptophan 
(data not shown). This secondary binding was of a very low 
order of magnitude. At pH 9.2 it was estimated that this bind- 
ing constant was not greater than 500 for a minimum of 10 sites. 

The manner in which binding varies with pH can be better 
seen in Fig. 3. In this figure, k’, the observed association con- 
stant at different pH values, was plotted versus pH. 
mum occurred at about pH 9.2. On either side of this maxi- 
mum, k’ decreased rapidly. The decrease in binding below pH 
9.2 could not be attributed to a change in the charge of trypto- 
phan, since it is primarily in the form of a dipolar ion of zero 
net charge over this pH range. It thus seemed that the drop 
in binding affinity was attributable to a change on the protein, 
presumably caused by the association of a proton on a group in 
the vicinity of the binding site. Above pH 9.2 the decrease in 
binding affinity could be accounted for in several ways. The 
most likely explanation appeared to be that it was ascribable to 
electrostatic repulsive forces between the protein and the an- 
ionic form of tryptophan. The amino group of tryptophan was 
found by means of titration to have a pK’ of 10.06 at 2° in 0.1 
mM NaCl. Other effects, such as a low intrinsic binding constant 
for the anionic form of tryptophan or a change in ionization of a 
group on the protein, could also lead to a decrease in binding in 
the higher pH region. 

Let the following equations represent the molar concentrations 
of the various forms of the molecules available for association in 
binding complexes: 


A maxi- 


T+ + H.NR%> = T+H.NRZ> (4) 
T- + H.NR2> = T-H.NR?> (5) 
T- + H;NR2p-1 = T-H;+NR2p-1 (6) 
T+ + Hyt*NR2e-1 = T+H;+NR2Ze-1 (7) 


where T* is the dipolar form of tryptophan, T~- is the anionic 
form of tryptophan, H,NR2» is the albumin molecule without 
an associated proton at the binding site, H;+NR2p-1 is the al- 
bumin molecule with an associated proton at the binding site, 
and Z, is, as before, the net charge on the protein which is al- 
ways negative in these binding studies. For simplicity it is 
assumed that k, the intrinsic binding constant (uncorrected for 
possible effects of chloride binding), is the same for the association 
of the molecular forms in Equations 4 and 5. That the con- 
stants for these two equations probably do not differ greatly is 
seen in the studies with the esters of tryptophan. Binding be- 
tween the forms in Equation 4 is considered to predominate. 
The observed amount of binding between the forms in Equation 
5 is small because of the magnitude of the electrostatic repulsion 
between the 2 like-charged molecules. The association of the 
forms in Equation 6 is considered unimportant since only small 
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Fic. 1. Binding of L-tryptophan to bovine mercaptalbumin, 
0.05 m phosphate, pH 7.4. 
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Fig. 2. The pH dependence of tryptophan-binding to human 
albumin, Fraction V, 0.1 m NaCl. O, pH 10.72; X, pH 10.27; 
O, pH 9.05; A, pH 8.3; @, pH 7.2. 

















Fic. 3. pH dependence of binding of L-tryptophan to human 
albumin, Fraction V, 0.1 m NaCl. -——, Calculated curve (see 
text). 
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TaBLeE III 


Binding of L-tryptophan to serum albumin after modification of 
albumin or addition of inhibitors 




















Preparations pH Buffer sx mi ome x ne 
(a) Addition of oleate | | 
to bovine serum al- 
bumin, Fraction V 
No oleate added...... 7.95 |Tris* | 5.1 | 0.95 
0.5 m Oleate:m al- 
eee 7.95 |Tris 4.4 | 0.87 
1.0 m Oleate:m al- 
Cee 7.95 |Tris 3.9 | 0.80 
2.0 m Oleate:m al- 
a ere 7.95 |Tris 2.3 | 0.75 
(b) Acetylated albumin 
Unmodified........... 7.95 |PO, 5.5 | 0.9 
Preparation 135BI....| 7.95 |PO, 1.3 | 0.55 | 0.15 | >3 
Preparation 135CI....| 7.95 |PO, 0.5/0.3 | 0.15} >3 
Preparation 135DI....| 7.95 |PO, (0) |) 0.15 | >3 
(c) Guanidinated al- 
bumin 
Unmodified........... 7.95 |PO, 5.8 | 0.9 
Preparation 135EI....| 7.95 |PO, | () |(0) 0.3 >3 
Preparation 5AII..... 7.95 |PO, 3.3 | 0.86 
Preparation 5CII..... 7.95 |PO, 3.8 | 0.87 
Preparation 31AII....| 7.5 |NaCl! 0.5 | 0.86 
Preparation 31AII....| 9.2 |NaCl | 1.9 | 0.90 
Preparation 31AII....| 9.9 |NaCl | 0.7 | 1.0 
(d) Addition of decanol 
to human serum al- 
bumin, Fraction V 
No decanol added. ...| 7.85 |PO, 2.9 | 0.96 
10 m decanol:m al- 
DWM. ........5..>. 7.85 |PO, 1.6 | 0.67 
24 m decanol:M al- 
bumin.............. 7.25 |PO, (0) |(@) 0.05 | >3 














* Tris (buffer) represents 2-amino-2-hydroxymethyl-1 ,3-propan- 
diol. 


concentrations of these two forms exist simultaneously. The 
forms in Equation 7 are assumed not to bind, since these forms 
predominate at low pH at which binding does not occur. 

Considering that association occurs only between the forms 
in Equations 4 and 5, a theoretical curve for the observed binding 
can be calculated from the following relationships: 











k’ (H.NR2p) @) 
(T+k, + T-kye-*2p27-”)  (HNRZ> + H;*NRZ-1) 
(T+ + T-) 
and: 
oa 
pH = pK’'prot — log = (9) 


where pK’prot is the negative logarithm of the dissociation con- 
stant of the protonic ionizing group on the protein. With a pK’ 
of 10.06 used for the dissociation constant of tryptophan the re- 
sults of the binding studies in 0.1 a NaCl were fitted excellently 
with values of 1.3 10° for k; and 8.3 for pK’ prot (see solid curve 
in Fig. 3). This pK’ value, after adjustment for electrostatic 
effects by the equation of Tanford et al. (19): 


PK’ prot = PK° prot - 0.8682 ,Z 4w 
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gives a pK°pro¢ value of 7.38 at 2°. The imidazole groups and the 
N-terminal aspartyl group of albumin have pK° values of thig 
general magnitude. The pK° values of the imidazole groups 
have been estimated from titration studies (19) to be 7.35 at 2° 
(corrected from 25° using van’t Hoff’s equation and a AH of 
7000 calories). The pK° value of the N-terminal asparty] 
group has not been measured directly, but it can be inferred from 
values obtained for a-amino groups on peptides that it is of a 
probable magnitude of 7 to 9 (20, 21). Later experiments with 
modified albumins tend to support the participation of the as- 
partyl amino group at the binding site. 

The pH dependence of binding and the magnitude of binding 
of tryptophan to bovine serum albumin were found to be similar 
to those aspects of binding to human albumin. 


Effect of Fatty Acids on Binding of t-Tryptophan 


Long chain fatty acids are bound very tightly by albumin (22)? 
The bovine mercaptalbumin used in the present study contained 
approximately 1 mole of fatty acid per mole of protein.’ This 
fact, together with the observation that the number of moles of 
tryptophan associated with albumin was not a whole number 
(¥ not 1, but less than 1), prompted an investigation as to whether 
fatty acids on the albumin were blocking additional binding sites 
of tryptophan. 

Three separate preparations of bovine mercaptalbumin were 
treated by the method of Goodman (23) to remove the long 
chain fatty acids. It was found that this treatment had not 
significantly changed the number of sites at which tryptophan 
was bound. However, because of the unusual conditions to 
which albumin is subjected by this treatment, no detailed bind- 
ing study was conducted to determine whether a small increase 
in tryptophan binding might have occurred which could have 
increased the number of sites from 0.94 to 1. 

To assess further the effect of fatty acids on tryptophan- 
binding a study of tryptophan-binding in the presence of added 
oleate was made. The results of these studies are reported in 
Table III(a). For each mole of fatty acid added per mole of 
albumin the number of:sites binding tryptophan decreased by 
approximately 0.10. Fatty acids do, therefore, interfere with 
tryptophan-binding to a minor extent, and their presence in 
the albumin samples could cause such a decrease in the values 
of n as has been observed in the previous studies (0.94 instead 
of 1.0). 


Binding of t-Tryptophan to Modified Albumins 


Acetylated Albumin—The results of try ptophan-binding studies 
with the acetylated preparations described in Table I are shown 
in Table III(b). The decrease in the intercept on the 7 axis 
correlated reasonably well with the extent of acetylation of the 
N-terminal group of the albumin and indicated that when, 
for example, 50 per cent of the albumin molecules had been 
acetylated, only the remaining 50 per cent would bind trypto- 
phan (see Table IV). This type of correlation suggested that 
acetylation of the N-terminal group blocked binding of trypto- 
phan. 

Acetylation of an €-amino group could explain such blocking 
if one €-amino group were acetylated preferentially at about the 
same rate as the a-amino group. In view of the binding experi- 

2 We wish to thank Dr. deWitt Goodman for making these 


results available to us before their publication. 
*R. Purdy, personal communication. 
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ments on guanidinated albumin, the participation of an e-amino 
group in this manner does not appear likely. If this reduction 
in binding were attributable to a general effect of acetylation 
on the albumin molecule, such as might arise from decreased 
molecular charge, a change in the magnitude of the association 
constant rather than in the number of binding sites would be 
expected. This was not supported by the data. Furthermore, 
with an average of only five groups acetylated on the albumin, 
as in preparation 135Bl, the changes in electrostatic effects 
would be small. It thus seems most likely that acetylation 
blocked a particular group in the vicinity of the site. The pos- 
sibility of having acetylated groups other than the a-amino and 
«amino in these preparations is considered remote (24, 25). 

Guanidinated Albumin—Table I1](c) summarizes studies of 
the binding of L-tryptophan to guanidinated albumins prepared 
as described in Table I. The a-amino group was found to be 
guanidinated only after very extensive reaction, and then to 
the extent of only 10 to 20 per cent. The €-amino groups, on the 
other hand, were guanidinated to various degrees. Preparations 
5AII and 5CII, 65 and 70 per cent guanidinated, respectively, 
showed no large alteration in binding affinity for .L-trypto- 
phan; only a slight change occurred in the 7 intercept. Prepa- 
rations 135EI and 31AII with the e-amino-groups guanidinated 
95 and 85 per cent, respectively, showed a significant decrease 
in binding of L-tryptophan. It should be noticed, particularly 
in one of these preparations (31 AI1), that m, the number of sites 
on the albumin molecule, was not diminished; but that it was 
rather the association constant, k’, which had been reduced. 
This indicated that the guanidinated protein continued to bind 
tryptophan but with decreased affinity. This is in contrast to 
acetylated albumin in which the binding site is noncompetitively 
blocked. 

Several explanations can be given for the effects of guanidina- 
tion on binding. The decrease in binding after 43 groups, or 70 
per cent of the e-amino groups, had been guanidinated, suggested 
that a critical change was taking place in the later stages of the 
reaction. This could mean that a single group at the site be- 
came susceptible to guanidination after about 43 of the e-amino 
groups had reacted; such a guanidinated group could partially 
block the site and lead to such a reduction in binding as was 
observed. Guanidination might also produce a general dis- 
orientation of the protein molecule resulting in a reduction in 
the affinity of tryptophan for the site. The present evidence 
is not sufficient to distinguish whether it is an individual group 
near the site of binding or an over-all molecular change that 
caused the decrease in binding affinity. 

In a second study the pH dependence of tryptophan-binding 
to guanidinated albumin was measured (Preparation 31AII, 
Table III(c)). In this instance, as with unmodified albumin, 
the binding affinity for tryptophan was observed to go through 
a maximum near pH 9. Guanidination had evidently not 
changed the pK of the group on the protein which had caused 
binding to decrease below pH 9. Above pH 9 the decreased 
binding was as expected if the electrostatic repulsive forces 
between the albumin molecule and the anionic form of the 
tryptophan were the major cause for the decrease, as was pre- 
viously suggested for unmodified protein. 

Acetylated - guanidinated Albumin—Guanidinated albumin 
preparations 5AII and 5CII, in which the e-amino groups were 
65 and 70 per cent covered, respectively, and the a-amino group 
almost completely free, and which bound tryptophan with 
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TasBLe IV 





Effect of acetylation of bovine mercaptalbumin on j-intercepl 
} Percentage of groups free 





Preparations » Intercept* aaa 
a-Amino «-Amino 
sans Snanenen Ge ton! RE Tae 
Unmodified. . . 0.9 100 100 
135BI.. 0.55 50 93 
135CI 0.3 20 83 
135D1.... 0 0 65 





* The intercepts in this table were obtained after subtracting 
the approximate amount of tryptophan bound at secondary sites 
(see Table III(b)). 


about the same affinity as the unmodified albumin, were par- 
tially acetylated (Table 1). The binding of tryptophan was 
completely suppressed by this treatment. Amino acid analyses 
indicated that the a-amino group was more than 60 per cent 
acetylated, whereas, only about two and four of the remaining 
free €-amino groups were acetylated. Acetylation would not 
occur at groups which had been guanidinated. These results 
support the requirement of an unreacted a-amino group on the 
protein for binding to occur. 


Nonbinding of v-Tryptophan 


It was surprising to find that albumin had essentially no 
affinity for the p-isomer of tryptophan (Figs. 4a and 4b). The 
small amount of binding observed was of the same order of 
magnitude as had been found for the binding of L-tryptophan 
to its secondary sites. This is believed to be the only instance 
in which stereospecificity of such a high degree has been found 
to occur in binding of compounds to albumin. Stereospecificity 
of a much smaller degree was observed by Karush (26) in studies 
of the p- and L-isomers of the anionic dye, 4-(4’-dimethylamino- 
azo) phenyl-N -benzoylaminoacetate. 





























Vv 
(b) 
7 1.OF q 
A 
x1o7* i a 1 
a 
oes, 
0 5 Lo 
V 


Fig. 4. (a) Binding of p-tryptophan to bovine mercaptalbumin, 
0.05 m Tris buffer, pH 7.75, 0.1 m NaCl. @, v-Tryptophan; A, 
L-tryptophan. (b) Binding of p-tryptophan to bovine mercaptal- 
bumin, 0.05 m phosphate, pH 7.25. XX, p-Tryptophan; A, L-tryp- 
tophan. 
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Binding of Tryptophan Analogues to Albumin 


Studies of binding with tryptophan analogues were under- 
taken to obtain information on the binding site. Analogues, 
modified either at the a-carbon or at the indole ring, were used 
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Fic. 5. Binding of N-acetyl-L-tryptophan to albumin, Fraction 
V, 0.1 m NaCl (electrostatic correction applied). O, pH 10.04, 
bovine; @, pH 9.4, human; O, pH 8.9, human; X, pH 7.85, hu- 
man; A, pH 6.35, human; ----, fitted curve (see text). 
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Fic. 6. Effect of L-tryptophan on binding of acetyl-L-trypto- 
phan to human albumin, Fraction V, 0.1 m NaCl (no electrostatic 
correction applied). Acetyl-L-tryptophan, pH 7.85: ---, no 
tryptophan added; O, 2.2 moles of tryptophan per mole of al- 
bumin; @ and CO, 0.73 moles of tryptophan per mole of albumin; 
Acetyl-L-tryptophan, pH 8.94: ----, no tryptophan added; xX, 
2.2 moles of tryptophan per mole of albumin; A, 0.73 moles of 
tryptophan per mole of albumin. 




















Fic. 7. Binding of L-tryptophan ethyl ester to human albumin, 
Fraction V (no electrostatic correction applied), 0.1 m NaCl. 
O, pH 9.56; @, pH 9.16; x, pH 8.88; A, pH 8.30; 0, pH 7.96; 
BS, pH 7.53; &, pH 7.10. 
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to study the effect of the various groups which could be involved 
in binding. To assess the binding of these compounds, studies 
were first undertaken with the analogues alone, followed by 
competitive studies with L-tryptophan to ascertain that the 
same site was involved in the binding of both. 

N-Acetyl-t-Tryptophan—N -Acetyl-p.-tryptophan had __ pre- 
viously been reported to bind to serum albumin (27, 28), al- 
though a detailed investigation of its binding was not published. 
A study of the binding of N-acetyl-L-tryptophan to albumin as 
a function of pH was thus undertaken (Fig. 5). At pH 7.85 
and higher the number of sites and magnitude of the binding 
constants are essentially constant. Below this pH, binding 
decreases, being about one-half its maximal value at pH 6.35. 
A decrease in binding in the pH region of 7.6 to 6.4 was also 
observed by Klotz et al. (29), and by Karush (30) in studies 
with methyl orange and related dyes. The reduced binding 
at this lower pH does not appear to be directly attributable to 
any ionizable group on the protein (19). A large increase in 
chloride-binding at the lower pH could explain this anomaly. 

N-Acetyl-.-tryptophan was bound to at least two sets of 
sites. A calculated curve with k; = 1.9 « 105; nm, = 1 and 
km2 = 104 (nz taken as 25) fitted the data at a pH of 7.85 and 
above. In this case, as with the study of L-tryptophan, the 
constant k, and site m (treated as an integer) were essentially 
fixed. It was found, however, that a better fit would have been 
obtained with the experimental points of acetyl-L-tryptophan 
if m; had been considered slightly less than 1. A value of less 
than 1 has also been suggested on the basis of the binding studies 
with L-tryptophan. In a desire to maintain stoichiometry, 
however, a value of less than 1 was not used in determinations 
of k values. 

Competitive binding studies with N-acetyl-L-tryptophan and 
L-tryptophan were also undertaken. Fig. 6 clearly shows the 
reduction in binding of acetyl-L-tryptophan in the presence of 
L-tryptophan. The binding of 1-tryptophan was similarly 
reduced in presence of acetyl-L-tryptophan. 

The finding that L-tryptophan and N-acetyl-L-tryptophan 
were bound at the same position on the protein indicated that 
a charged a-amino group on the tryptophan was not necessary 
for binding. Indeed binding with a higher intrinsic affinity 
occurred with acetyl-tryptophan, which was uncharged. Also 
the positively charged group at the protein binding site, which 
had prevented tryptophan from binding at the lower pH values, 
did not prevent acetyl-tryptophan from binding under similar 
conditions. 

Esters of Tryptophan—In Fig. 7, a binding study of L-tryp- 
tophan ethyl ester as a function of pH is plotted with no elee- 
trostatic correction applied to the binding of the charged forms 
(¥/A plotted versus 7). If an electrostatic correction is included 
for the charged forms, using 8.26 as the pK’ for the ester (deter- 
mined by titration) and assuming that the charged and un- 
charged species both were bound with association constants 
of the same magnitude, 7.e. [(0/A) X fraction of ester uncharged + 
(/A)e?4p2a" X fraction of ester charged)] plotted versus 7—the 
pH dependence of binding to the primary site is found to be 
similar to that of L-tryptophan except that the binding above 
pH 8.88 did not decrease but remained constant. Appreciable 
binding was also observed at secondary sites; however, in no 
instance could a calculated plot be fitted to the data unless 
it was assumed that one binding site had a considerably higher 
affinity than the others. The constants calculated for the bind 
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ing at the higher pH levels, i.e. above pH 8.88, were k, = 1.9 X 
104, m, = 1, and kyon, = 4 X 10° (m2 taken as 25). 

In the pH region studied there were two forms of the ester 
and two forms of the protein available to associate in complex 
formation at site 1. The pK’ of the ester amino group was 
found to be 8.26 whereas a pK’ of 8.3 had previously been cal- 
culated for the protein group from studies with L-tryptophan. 
The equilibrium equations of these forms are analogous to the 
Equations 4, 5, 6 and 7 except that the negative charge of tryp- 
tophan has been removed. The formation of a complex between 
the ester with a charge on the a-amino group and the protein 
with an associated proton at the binding site (Equation 7) was 
not indicated in this study, nor had it been indicated in the 
binding studies with L-tryptophan. It was not possible to 
determine from the data values for the binding constants of 
the other forms. However, from Fig. 7, in considering binding 
to the first site, it can be seen that the slopes of the curves at 
pH 7.53 and 7.96 are not very different from that at pH 9.56. 
If the uncharged forms alone were bound, a large increase in 
slope should have occurred at the higher pH where the ester 
and group at the protein site are approximately 95 per cent 
uncharged. Since this was not observed, the implication was 
that these two forms were not the only forms associated. On 
the other hand some association between the uncharged species 
was necessary, or else a pronounced decrease in binding would 
have been found at the higher pH at which equilibrium was not 
favorable for association of the forms represented by Equations 
4and 6. It can also be inferred from these data that the charged 
form of the ester must bind to some extent to account for the 
steepness of the slope at pH 7.53 and 7.96. (The electrostatic 
attraction between the positively charged ester and the nega- 
tively charged albumin molecules at pH 7.53 was of such a 
magnitude that k’ was 5 times greater than k.) Therefore, 
although individual constants for the three equilibria could not 
be computed with exactness it can be seen that the ester asso- 
ciates with the protein to some extent in both the charged and 
uncharged form. 

Binding studies of L-tryptophan methyl ester and p-trypto- 
phan methyl] ester were undertaken at pH 8.88 (Figs. 8 and 9, 
upper curve). After applying an electrostatic correction to the 
charged forms in the same manner as with the ethy] ester (using 
pK’ for the methyl esters as 8.26) the constants become for the 
methyl L-ester: k; = 3.1 & 108, ny = 1, and kene = 1.6 XK 10° 
(n2 taken as 25); for the methyl] p-ester: k; = 3 XK 10°, nm = 3. 

Competitive binding of the methyl and ethyl esters with 
L-tryptophan was studied at pH 8.88. The lower curves in 
Figs. 8 to 10 inclusive summarize graphically the results of 
these competitive binding studies. In the presence of L-trypto- 
phan the binding of the two L-esters was markedly reduced. 
The binding of L-tryptophan was also reduced proportionally 
to the amount of ester added. v-Tryptophan methy!] ester, 
which was not bound preferentially to one site, showed only a 
small amount of competition to the binding of L-tryptophan. 
Here again stereospecificity was demonstrated. It was of 
interest that the amount of competition shown with the p-ester 
could not be attributed entirely to effects at secondary binding 
sites of tryptophan, but that at least a small part of it appeared 
to occur at the primary site of tryptophan. This was indicated 
by the reduction in both tryptophan end ester binding when 
both compounds were equilibrated together with albumin. The 
dotted line in Fig. 9 is the calculated reduction in binding of 
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Fic. 8. Effect of L-tryptophan on binding of L-tryptophan 
methyl] ester to human albumin, Fraction V, 0.1 m NaCl, pH 8.88 
(no electrostatic correction applied). O, L-tryptophan methyl 
ester; X, L-tryptophan methyl ester in presence of 0.59 mole of 
L-tryptophan per mole of albumin; - - -, fitted curve. (See text.) 

















Fic. 9. Effect of L-tryptophan on binding of p-tryptophan 
methyl ester to human albumin, Fraction V, 0.1 M NaCl, pH 8.88 
(no electrostatic correction applied). O, p-tryptophan methyl 
ester; X, D-tryptophan methyl ester in presence of 0.59 mole of 
L-tryptophan per mole of albumin; - - -, calculated binding in 
presence of L-tryptophan. (See text.) 
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Fic. 10. Effect of L-tryptophan on binding of L-tryptophan 
ethyl ester to human albumin, Fraction V, 0.1 m NaCl, pH 8.88 
(no electrostatic correction applied). O, .L-tryptophan ethyl 
ester; X, L-tryptophan ethyl ester in presence of 0.59 mole of 
L-tryptophan per mole of albumin; - - -, fitted curve. (See text.) 
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the p-ester, based on the assumption that tryptophan was com- 
peting for one site. The agreement with the observed reduction 
is good. It suggests, therefore, that one of the three sites at 
which p-tryptophan methyl ester binds is the same as the pri- 
mary site for tryptophan. The significance of this will be 
discussed when the forces at the site are considered. 

Other Tryptophan Analogues—Binding studies of tryptazan 
and some methylated analogues of tryptophan were also made. 
Several of these compounds were racemic, which made assess- 
ment of the magnitude of binding difficult; the p form would 
be expected to bind only to a small extent whereas the L form 
would contribute most to the observed binding. p.i-Tryptazan 
and 6-methy] pi-tryptophan showed an appreciable affinity 
for one site. The affinity constant for pL-tryptazan was about 
one-half that of L-tryptophan, which would indicate that the 
L form was being bound with about the same affinity as L-tryp- 
tophan. The binding by the 6-methy! pL-tryptophan compound, 
on the other hand, was of about the same magnitude as the 
binding by L-tryptophan. This showed that the L isomer was 
binding much more strongly than L-tryptophan. 5-Methyl 
pL-tryptophan and a-methyl pi-tryptophan were bound much 
more weakly than were the other analogues. 

A competitive binding study of these compounds with L-tryp- 
tophan was also undertaken. Both 6-methyl p.L-tryptophan 
and pL-tryptazan were found to compete with the binding of 
L-tryptophan. a-Methyl pi-tryptophan, on the other hand, 
was not competitive. Unfortunately, 5-methyl pL-tryptophan 
did net resolve from tryptophan in either of the two solvents 
used for chromatography, and it could not be determined by 
this experiment whether it was bound at the primary site of 
tryptophan. However, the small amount of binding which it 
exhibited suggested it would not compete to an appreciable 
extent with tryptophan. 

Tryptamine and 5-hydroxytryptamine were found not to 
bind with serum albumin. The significance of this will be 
further discussed. 

Guanidinated L-tryptophan did not bind to albumin. Pre- 
sumably the large planar guanidinium group could not be ac- 
commodated at the site. This analogue was of interest since 
it remains in the dipolar form at higher pH values than does 
tryptophan. 


Inhibitory Effects of Other Compounds on 1-Tryptophan Binding 


Decanol in a ratio of 10 moles to 1 of albumin was found to 
reduce binding of tryptophan by about 30 per cent (Table III 
(d)). An experiment in which 24 moles of decanol were added 
per mole of albumin showed no tryptophan-binding. The 
affinity of decanol for albumin could not be determined from the 
data. However, an indication of the magnitude of the binding 
constant could be obtained from the experiment at pH 7.85 
in which the value of 3 was reduced to 0.67 without appreciable 
change in the slope of the plot of 7/A versus 7. This decrease 
in the availability of the site suggested that the affinity of 
decanol for albumin was very high in comparison with that of 
L-tryptophan. It also indicated that decanol was bound at a 
large number of sites (n > 10). Albumin crystallized by addi- 
tion of decano] (16) was found not to bind tryptophan. 

The inhibitory effect of benzene was studied by saturating 
the albumin solution with benzene before addition of trypto- 
phan. Under these circumstances the binding of tryptophan 
was largely suppressed. Some indication of a benzene-albumin 
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interaction had previously been given by the observation that 
albumin crystallization was enhanced when benzene was added 
to the solution (16). Also, it had been shown by Karush (31) 
that toluene inhibited binding of dyes. 

L-Phenylalanine was found to inhibit the binding of L-trypto- 
phan to a slight extent at pH 9. The association constant es. 
timated from competitive studies was approximately 100-fold 
less than that of L-tryptophan. 

The binding of L-tryptophan to albumin was unchanged when 
cupric ions were added at a molar concentration equivalent to 
that of the albumin. This suggested that L-tryptophan and the 
cupric ions were not bound at the same site such as at the N-ter- 
minal group of the protein (32). The presence of ethylenedi- 
aminetetraacetate did not affect the binding of tryptophan, a 
finding which indicates that metal ions were probably not 
mediatory in the binding of tryptophan. 


Other Studies 


Albumin to which had been added 90 moles of OH--ion per 
mole of albumin (pH ~ 13), and which had mildly jelled on 
standing for 16 hours at 2°, did not bind tryptophan after the 
albumin had returned to solution upon dialysis against phosphate 
buffer, pH 8. A preparation to which 70 moles of OH--ion 
per mole of albumin had been added (pH ~ 12.5), and which 
had stood for 16 hours at 2°, bound tryptophan with approxi- 
mately a 20 per cent reduction in . 

Albumin dissolved in 4 m urea solution and passed through 
a deionizing resin column (2) did not change its binding to 
L-tryptophan after the urea had been removed by dialysis, 
Albumin reduced the enzymatic activity of tryptophan per- 
oxidase to an extent which correlated with the degree of binding 
of tryptophan.‘ Activity of the enzyme was largely restored 
by the addition of decanol to the reaction mixture, implying 
that the decanol had replaced tryptophan from its albumin 
complex. 


DISCUSSION 


It has been the intent of this study to determine the nature 
of the site and the forces involved in the binding of tryptophan 
to serum albumin. Previous workers have undertaken studies 
of a similar type with other compounds (33-35). Of great 
advantage to the present study was the fact that only one bind- 
ing site needed to be considered. Furthermore, many analogues 
of tryptophan were available with which to study binding. It 
is proposed in this section to define the primary site in terms of 
all the evidence available. 

Forces of Binding—The minimal free energies of formation 
of the several association complexes are given in Table V. The 
—AF° values shown are calculated from association constants 
for the primary site of 0.1 m NaCl and are taken at the pH 
where the maximal value for the association constant was found 
after statistical and electrostatic corrections had been applied. 
The pH of the maximal values of the association constants 
for the p- and L-tryptophan methyl esters was assumed to be 
the same as that of the ethyl ester. 

A comparison of the —AF° values of the compounds in Table 
V is instructive in considering binding forces. In competitive 
studies p-tryptophan methyl ester was bound by approximately 


4 We are indebted to Dr. T. Tanaka and Dr. W. E. Knox for 
making these determinations. 
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2 kilocalories per mole less energy than L-tryptophan. Any 
association attributable to the presence of the indole ring would 
be the same for either enantiomorph, since this ring has freedom 
of rotation with respect to the a-carbon. Therefore, it is rea- 
sonable to postulate that competition between the isomers 
would occur at the indole-binding region of the protein site. 
The indole ring can contribute a large amount of energy of 
attachment by van der Waals’ forces. (The heat of vaporiza- 
tion, which is roughly considered to measure the energy avail- 
able for interactions between hydrocarbon molecules (36), is 
17.9 kilocalories for indole (37).) The studies with p-tryptophan 
methyl ester suggest then that somewhat less than 4.5 kilo- 
calories of binding energy is supplied to the L-tryptophan-albu- 
min complex by virtue of an attachment at the indole ring. 
The larger size of the indole ring in relation to the hydrocarbon 
groups of the other amino acids, and, therefore, the larger 
amount of van der Waals’ attraction it can supply (36), could 
explain why tryptophan binds to albumin and why none of the 
other amino acids is appreciably bound. 

The binding of tryptamine was very slight and a binding 
constant was not determined. The —AF° value was estimated 
to be less than 4.5 kilocalories. .-Tryptophan, which is s ilar 
to tryptamine but has an additional carboxyl group, is bound 
by an energy of 6.4 kilocalories or at least 2 kilocalories more 
than tryptamine. These data imply that the carboxyl group 
supplies a minimum of 2 kilocalories of binding energy to the 
association of L-tryptophan with albumin. The a-amino group 
appears to contribute little to the energy of association of L-tryp- 
tophan or its analogues. In addition to the low binding affinity 
of tryptamine, the insensitivity to binding of the a-amino group, 
whether it was charged or uncharged or whether it was modified 
as in acetyl-tryptophan, also implied no attachment of this 
group. The a-hydrogen group would not be expected to make 
a significant contribution to the energy of binding. Therefore, 
the forces of attachment are considered to be divided between 
the indole ring and the carboxyl group. 

Steric Relations at Site—Fig. 11 is a photograph of a molecular 
model of tryptophan with certain positions lettered for easy 
reference.> Site position a (Fig. 11) is the location of the a-amino 
group of tryptophan. Evidence that the N-terminal group of 
the protein is in the proximity of site a was obtained from two 
sources. In the first instance, the study of the pH dependence 
of tryptophan-binding indicated that an ionizable group on the 
protein with an association constant in the range of either the 
imidazole group or the N-terminal group was involved in the 
tryptophan-albumin complex. Since ionization of this group 
interfered with tryptophan-binding but not with that of acetyl- 
tryptophan, these two groups (i.e. the a-amino and the ionizable 
protein group) must be close enough to prevent binding when 
both are similarly charged. The second source of evidence that 
the N-terminal amino group on the protein is in juxtaposition 
to the a-amino group comes from acetylation studies. It was 
shown that an inverse relationship existed between the extent 
of acetylation of the N-terminal group and the amount of trypto- 
phan bound. This decrease in binding with the acetylated 
preparations cannot be attributed to an acetylation of imidazole 
residues since acetylimidazole compounds are rapidly hydrolyzed 
(39, 40) even in neutral solution. 


5 We are indebted to Dr. B. W. Low for the loan of this model 
(38). 


R. H. McMenamy and J. L. Oncley 


1445 


TABLE V 


Changes of free energy in binding of tryptophan and its 
analogues to serum albumin 





Compound ky -—AF° 





kilocalorie/mole 


L-Tryptophan........... 1.3 XX 10° | 6.44 
Acetyl-L-tryptophan. MPM eS a 6.65 
L-Tryptophan ethyl ester........| 0.19 K 105 5.40 
L-Tryptophan methyl ester. . 0.31 XK 105 5.65 
p-Tryptophan methyl ester. .... 0.03 X 105 4.40 
Tryptamine....... f 








remever re “Fey 


Fic. 11. Molecular model of L-tryptophan. Letters relate to 
positions studied in binding complex with serum albumin. 


Some spatial tolerance at Site a is indicated; an acetyl group 
on the a-amino nitrogen of tryptophan can be accommodated 
without impairment of binding. However, when the a-amino 
group is replaced by the planar, rigid, and larger guanidinium 
group, binding is impeded. From this it can be concluded 
that the space requirements at this position are not unlimited. 
Furthermore, the distance between the a-amino and the N-ter- 
minal group on the protein must be sufficiently small to provide 
a minimal repulsive force equivalent to 2 kilocalories when both 
groups are positively charged. An approximation of the dis- 
tance between the charges made from Coulomb’s law with the 
use of the equation of Waugh (36) indicates this to be 4.3 A 
(dielectric constant taken as 80). 

Positions b and ¢ (Fig. 11) are at the carboxyl group. This 
group has been shown to supply a minimum of 2 kilocalories 
of energy to the L-tryptophan-albumin association. Two types 
of bonds might be involved in the attachment of L-tryptophan 
at the carboxyl group, viz. a bond formed by Coulomb inter- 
actions involving the charge on the carboxy! group and hydrogen 
bonds at the oxygen atoms. The former is unlikely in view of 
the evidence presented by Jacobsen and Linderstrém-Lang 
(41). With the L-esters, this coulombic bonding force is ob- 
viously not involved. It seems reasonable, therefore, to assume 
that the carboxyl group is held through one or more hydrogen 
bonds. The lower binding affinity of the ethyl, compared with 
that of the methyl ester, is consistent with some such steric 
effect. A small distortion in the carboxyl region could reduce 
the strength of the hydrogen bonds considerably, inasmuch as 
these bonds require close alignment of the participating atoms. 

The failure of tryptophan to bind after methylation at posi- 
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tion 5 on the indole ring (Fig. 11) emphasizes the importance 
of van der Waals’ forces at the indole ring in the binding of 
tryptophan. The steric effect of the methyl group prevented 
an appreciable part of this ring system from fitting closely. 
Methylation of the indole ring at position 6, however, increased 
binding. A methyl group on this part of the ring therefore 
enhances short range van der Waals’ interactions at the protein- 
binding site. Further evidence of the exacting specificity of the 
site for the indole ring was seen in the binding studies with 
L-phenylalanine. The latter differs from tryptophan only in 
having a phenyl ring instead of the indole ring. The very low 
competitive effect of phenylalanine on tryptophan-binding 
clearly indicates the inability of the pheny] residue to substitute 
for the indole residue. 

Position d is at the a-hydrogen. The replacement of this 
hydrogen by a methyl group (a-methyl tryptophan) blocked 
binding, indicating that close steric relationships existed at this 
location. The sensitivity of this site to the introduction of 
even a small group suggested it was important to the stereo- 
specificity of the binding complex. 

For a small molecule to bind to a protein in a stereospecific 
manner, three reference points in the association are necessary. 
These may be either positions of attachment of the 2 interacting 
molecules or adapted spaces which permit the molecules to come 
together. For L-tryptophan the three points of reference must 
be oriented from the a-carbon and, for isomer specificity, each 
must fit only one of the four groups from the a-carbon. From 
the evidence presented previously it can be assumed that the 
carboxyl group and the indole methylene group provide two 
exclusive attachments. The third reference point must then 
be the “close fitting’ space adjacent to the a-hydrogen. Evi- 
dence has been presented that the a-amino group (the only 
other group available as a reference point) plays a secondary 
role in the tryptophan-albumin association, whereas the space 
requirement at the a-hydrogen is critical. Furthermore, since 
a-methyl tryptophan was not bound by albumin, it would seem 
very unlikely that the a-amino group, which is as large as the 
methyl group, could occupy site d. If the a-amino group can- 
not occupy this position, then the necessary stereospecifications 
have been met and the protein site can distinguish p- and L-iso- 
mers. 


Specific Binding of t-Tryptophan to Serum Albumin 


Vol. 233, No. 6 


SUMMARY 


The only plasma protein which binds L-tryptophan appre- 
ciably is serum albumin. 

L-Tryptophan is bound to serum albumin predominantly at 
one site in a highly stereospecific manner. p-Tryptophan is 
bound with an affinity of about 100-fold less than L-tryptophan, 

The pH dependence of binding of L-tryptophan and its ana- 
logues implies the presence of an ionizable group at the protein 
site which prevents binding of the small molecules when both 
this ionizable group and the a-amino group on the small mole- 
cule are similarly charged. 

Binding studies with modified albumins (acetylated and 
guanidinated) and the pH dependence of binding of L-tryptophan 
indicate that the N-terminal group of albumin is the ionizable 
group involved at the protein-binding site. 

Binding studies with N-acetyl-L-tryptophan, L-tryptophan 
ethyl ester, L-tryptophan methyl ester, p-tryptophan methyl 
ester and tryptamine show that the carboxy] group of L-trypto- 
phan is required for binding, whether it be charged as in L-tryp- 
tophan or uncharged as in the esters of tryptophan. The 
a-amino group of tryptophan has only a secondary role in bind- 
ing. 

Studies with tryptophan analogues have implicated the indole 
ring as a strong point of attachment at the binding site. Further- 
more, since 6-methy] tryptophan is bound, whereas the 5-methy] 
analogue is not, it would appear that only certain areas of the 
indole ring comprise this point of attachment. 

Three points of reference are necessary for a compound to 
bind to a site in a stereospecific manner. The specificity re- 
quirements for the tryptophan-albumin binding site are satisfied 
by virtue of (a) an indole-protein bond, (6) a tryptophan car- 
boxyl-protein bond, and (c) a “close fit” to the protein at the 
a-hydrogen of the tryptophan which would not permit the 
a-amino group to occupy this position. Strong evidence for 
this “close fit’”’ was obtained by the failure of a-methy] trypto- 
phan to bind. 
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Aithough components differing in isoelectric point and solu- 
bility, and antibodies of unlike specificity have long been demon- 
strated in normal y-globulin, a homogeneous subfraction has 
never been prepared by any procedure (1). Indeed, by what- 
ever criterion chosen, whether it is electrophoresis (2-6), im- 
munological analysis (4-6), ultracentrifugation (7) electrophore- 
sis-convection (8), immunoelectrophoresis (9), ethanol solubility 
(10), N-terminal amino acid distribution (11-13), or chromatog- 
raphy (14, 15), the y-globulins of all species investigated appear 
almost invariably to consist of a family of closely related proteins 
incompletely separable by present methods. On the other hand, 
in certain aberrations of serum protein synthesis, particularly 
with multiple myeloma and macroglobulinemia, a highly homo- 
geneous globulin is produced in a large amount. The new protein 
appears to be individually specific, both in regard to antigenic 
constitution (16) and to a variety of physical and chemical 
properties (17-20); yet invariably it is closely related to normal 
globulin. 

Several years ago (11), we undertook comparative physico- 
chemical characterization and amino end group analysis of a 
series of purified pathological proteins of different types, such 
as the cryoglobulins (18, 21), as an aid in elucidating their re- 
lationships to normal serum globulins. This led to the first 
demonstration of an apparent difference from normal in the 
chemical structure of serum proteins elaborated in disease. In 
this paper, the cumulative data are summarized, including addi- 
tional results on purified myeloma globulins, new data on macro- 
globulins, and published values for cryoglobulins (18) and other 
proteins (20).!_ From the great variety of differences in physical 
properties and amino end groups of the 31 purified pathological 
globulins thus far investigated, the conclusion is drawn that in 
some disease states, individually specific, abnormal serum 
globulins may be produced, i.e. globulins that are absent physio- 
logically. The hypothesis is proposed that the tumor cell pro- 
duces a single type of abnormal globulin which differs structurally 


* This work was aided by a research grant from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service (No. C-1331) and by an Elizabeth S. 
Mowatt Memorial Grant for Cancer Research from the American 
Cancer Society. 

1 Of the 31 proteins reported on in this paper, complete data 
on the physical constants and amino end groups have been re- 
corded for 5 specimens by other workers (20) and for 8 by us (18). 
Preliminary data on the amino end groups have been tabulated 
for 11 of our specimens (22) but not for 7 others. The extensive 
electrophoretic and ultracentrifugal studies of those myeloma 
globulins without macroglobulin or cryoglobulin characteristics 
are not recorded because the results and conclusions do not 
differ in principle from those obtained for the earlier series of 25 
proteins studied by us (17). 


from the normal protein in various loci such as the N-terminal 
residue. 


EXPERIMENTAL 
Materials and Methods 


The methods for purification of the myeloma globulins, for 
the characterization by electrophoresis and ultracentrifugation, 
for antigenic classification, and for N-terminal group analysis 
have all been described in preceding papers (17-19). Ultra- 
centrifugal diagrams for some of the specimens have been pub- 
lished (22). Most end group analyses given herein were made 
in duplicate on samples of about 100 mg. of DNP-protein.? Be- 
cause of the large number of proteins studied, special methods 
for finding DNP derivatives of glycine, proline, arginine, and 
histidine were not generally used. Although in several instances 
hydrolysis of the DNP-proteins for different times and examina- 
tion of the washings of the DNP-protein failed to give evidence 
of any breakdown of the amino end, the trace quantities of end 
groups such as serine may be due to protein lability (22)3 
Most of the myeloma globulins were purified by the ammonium 
sulfate method and thus would contain the small amount of 
normal y-globulin present in the pathological sera. However, 
since the electrophoretic patterns of many myeloma patients 
virtually lack the normal diffuse y-globulin peak, but contain 
up to 80 per cent of the total protein as a sharp pathological 
component, the proportion of electrophoretically diffuse (or 
normal) globulin in the purified specimens probably did not 
exceed 10 per cent, and in any case, could not be ascertained 
by the physical methods except for a B-type myeloma protein. 
Since both aspartic and glutamic acids are present as N-terminal 
groups in normal pooled human y-globulin (11, 20), fractional 
quantities of either end group may be a measure of the amount 
of normal globulin present. The macroglobulins were purified 
chiefly by isoelectric precipitation in the cold; their physico- 
chemical characterization has been described in the first paper 
of this series (19). 


RESULTS AND DISCUSSION 


All available quantitative data on purified pathological glob- 
ulins submitted to N-terminal group analysis are summarized 
in Table I, together with references for published values for the 
cryoglobulins (18) and for the five globulins reported on by Smith 


2 The abbreviation used is: DNP, dinitrophenyl. 

3 Because the end group values are corrected by arbitrary fac- 
tors for loss during hydrolvsis (18), the results are not more 
accurate than +10 per cent. Note that the methods used do not 
permit a distinction between a dicarboxylic acid and its amide in 
the N-terminal locus. 
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TaBLe I 
Physical constants and amino end groups of abnormal human serum globulins 
Physical type | Physical properties N-terminal amino acids* 
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ub- eae + | + | (19) | | 6,17,t21 11.2 | 0.2 0.2 
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‘@ Beech eu eoe + | | (20) (6.4 | —2.1|) | 6.5 (20) | 2.9 
DE Siu ney | 2 | + | (5) 5.5 | | 7, 18,28 | (18) | 0.1 | 8.1 
not 5. N-Aspartyl, N- | 
ined glutamyl | | | 
dtc od us ide + | (1s) | Insoluble} 7.6,f 11 | (18) | 2.0 | 2.6 | 
| Seer oe ? + | (18) | Insoluble| 6.0 | (18) | 2.3 | 2.2 | 
nee + | + | (20) | —1.4 | (20)| 1.6 | 1.6 | 
yunt Pee eee + \<6.7 —2.4 6.1,19 2.1 2.7 | 0.1 Trace 
met @M............... + | | (19) |<6.7| —2.4% | 6.2,t 9,4 1.3 | 1.7 | 0.1 
3ic0- 12 
aper 6. Others 
SS Meee + | —1.09 | 6.2 Trace | 1.5**| | 0.2 | 0.3 0.3 
eer es | 16.7 | —1.2¢ | 6.2 0.5 10.5 | | 0.7 
iss uate ade + -0.7 | 6.5 (0.4)tf| 0.4 | Trace | 0.2 
lob- _ a ee eee + | 1.3 6.0 1.6 | 1.4 
ized * The first three letters of the name are used as abbreviations for amino acids. Major end groups are in italics. Amino acids un- 
‘the | detectable as end groups in a specimen are indicated by blank spaces. 
nith t+ Isoelectric point. 
t Major components. 
al § Includes an unidentified amino acid similar to leucine or phenylalanine. 
€ Heterogeneous in electrophoresis. 
nore rm 
nes Mobility at pH 8.4. 
Je in ** Contains about 1.0 mole of an unidentified amino end group. 
tt Parentheses indicate that the figure is approximate. 
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et al. (20). For convenience, the proteins are classified into six 
end group types, according to the nature of the N-terminal amino 
acid. Within each type, the specimens are listed in order of 
increasing electrophoretic mobility in pH 8.6 Veronal buffer 
of 0.1 ionic strength. Proteins possessing only aspartyl N-termi- 
nal groups are designated “N-aspartyl” globulins and so on. 
Unless otherwise indicated (e.g. by { for mobility values, or by 
several sedimentation constants) the globulins were highly 
homogeneous, both in electrophoresis and ultracentrifugation. 
In many instances, chemical homogeneity is suggested by the 
absence of fractional end groups. 

The proteins are also classified according to physical type; 
(a) myeloma signifies the typically homogeneous globulin of 
normal molecular weight‘ from a patient having the classical 
symptoms of multiple myeloma, (6) macro indicates the ultra- 
centrifugally heterogeneous globulin of high molecular weight 
from a patient having the symptoms of Waldenstrém’s macro- 
globulinemia (26), and (c) cryo refers to the cold insolubility 
of a globulin, whether the latter was obtained from a patient 
with classical myeloma, established macroglobulinemia, or of 
uncertain diagnosis (indicated by a question mark). Note that 
some cryoglobulins are macroglobulins, others are myelomas, 
and one type (Gu) is from a relatively benign case of hyper- 
globulinemia (27). Similarly, macroglobulins may either pos- 
sess or lack both cryoglobulin and euglobulin properties. It 
should be emphasized that virtually every case received an 
intensive clinical workup and underwent a fatal course. Yet 
in a few instances the diagnosis could not be established or else 
the course was benign. This illustrates the wide clinicopatho- 
logical spectrum of myeloma and related lymphomas (28). 

N-Leucyl Globulins—Of all the myeloma globulins analyzed 
by the DNP method, only a few failed to have a stoichiometric 
proportion of at least one dicarboxylic amino acid in the N-termi- 
nal position, and only two were virtually devoid of both asparty]l 
and glutamyl amino end groups. These proteins (La and Li) 
were designated N-leucyl globulins because they contain either 
two end groups of leucine or of an amino acid of chromatograph- 
ically similar properties. In one instance (Li) the N-terminal 
amino acid was identified as leucine by the behavior of its DNP 
derivative on Celite and silica columns, and on chromatography 
in the tertiary amyl alcohol and decalin-acetic acid systems. 
Verification as leucine was made in the tertiary amyl alcohol 
system after Ba(OH)--cleavage of the DNP residue. The other 
protein (La) yielded a broad band on the silica column that 
consistently ran as two spots on paper. In the systems just 
mentioned, one spot appeared to be leucine, although the dif- 
ferentiation from isoleucine was not established; the other spot 
corresponded somewhat to phenylalanine but was not identified 
as such. Because of the resistance of leucyl peptides to acid 
hydrolysis, the unknown DNP derivative was heated with 6 n 
HC in a sealed tube for 24 hours. The results were inconclusive, 
because the product yielded a brownish spot that failed to move 
from the origin in the decalin system and was not recoverable 
by elution with NaHCOs. 


4 All sedimentation coefficients are corrected to water at 20° 
(82,0) and are expressed in Svedberg units (S). Since s2,, was 
not always extrapolated to infinite dilution, all specimens having 
a value between 6.0 to 7.0S (7.6 S if in the Svedberg ultracentri- 
fuge) are arbitrarily classified as being of “class 6.6 S’’ and assumed 
to be of the normal molecular weight (160,000). However, there 
is some evidence that real differences in s,, at infinite dilution 
may exist for some of the cryoglobulins. 
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The two proteins of this class thus appeared to differ in end 
group distribution, despite their similarity in physical properties, 
The Li globulin was very homogeneous by the physical criterig 
and, unlike the La specimen, was quite satisfactory by the end 
group criterion. Because leucine is undetectable as an N-termi- 
nal amino acid in normal human y-globulin, N-leucyl globulins 
can be present physiologically only in trace amounts, or more 
probably are found only in the instance of disease. 

N-Aspartyl Globulins—Of the series of proteins investigated, 
the N-asparty] globulins were the most frequent type, represent- 
ing 10 of the 31 specimens listed. Four of the proteins were 
globulins of high molecular weight (to be compared later), one 
of these being a macrocryoglobulin. For comparative purposes, 
the six myeloma globulins are considered first. All of these 
were of the class designated as 6.6 S and were very homogeneous 
according to the ultracentrifugal and electrophoretic criteria, 
In no case did minor end groups exceed 10 per cent of the total, 
and in three instances the protein appeared to be chemically 
homogeneous by the end group criterion. Specimen D was 
unique in having a high carbohydrate content and a low iso- 
electric point. This protein also had only one N-terminal as- 
partyl group, whereas the remaining five globulins of this class 
had two aspartyl end groups. Specimen Mn had a ¥; mobility, 
leaving Ag, Wi, Th, and Mi as globulins similar both in end 
groups and in mobility at pH 8.6. These are as closely a re- 
lated group of proteins as can be found in Table I. Curiously 
the four sera all differed in solubility behavior in the cold: in 
the Mi serum, the globulin crystallized spontaneously, the Th 
serum yielded a stiff gel, the Ag serum had some precipitate, 
and the Wi serum had none. A more detailed comparison of 
the purified proteins Ag, Th, and Wi is given later in this paper. 


N-Glutamyl Globulins—Although all but one of the N-glutamyl | 


globulins were myeloma proteins of the class 6.6 S, they were as 
varied in isoelectric point, mobility, and number of end groups 
as were the N-aspartyl globulins. The N-glutamyl] globulins 
also were electrophoretically homogeneous in the instances 
analyzed, and with the exception of specimen Wn were also 
homogeneous by the end group test. However, in several 
instances, a 10 S component was observed and in one case (B), 
a single component with an 829 of 9.7 S was reported (20). Such 
a component is absent in most myeloma globulins, but, common 
in normal Fraction II. Proteins A, B, and C have been shown 
to differ significantly in amino acid content, as well as in electri- 
eal mobility and other properties (20). Unlike the other 
proteins, Se and I were cryoglobulins, but at lower concentra- 
tions protein Se was soluble in the pH 8.6 Veronal buffer and 
protein I was not. An insufficient amount of the latter protein 
was available for the comparative studies. Several proteins 
of higher mobility at pH 8.6 (Wn, KI, and C) had three to five 
glutamyl end groups (i.e. a greater negative charge at the amino 
end). The only N-glutamyl globulin that was also of high 
molecular weight was WK. The absence of even traces of 
aspartyl end groups in four specimens of N-glutamyl globulins 
is a further indication of the homogeneity indicated in most 
instances by the physical methods. 

N-Aspartyl-N-Glutamyl Globulins—Five proteins had both 
aspartic and glutamic acids in the N-terminal position; however, 
three of these had about twice the abundance of amino end groups 
found in normal y-globulin, and all five differed from the normal 
protein in some physical properties. The first four specimens 
listed were quite homogeneous by the criteria used, which sug- 
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gests that im each case both types of end groups are located on 
a single molecule. Although the cryoglobulins R and Gu were 
insoluble in the pH 8.6 Veronal buffer, they could be analyzed 
electrophoretically in pH 4.7 acetate buffer of 0.1 ionic strength, 
where they had a mobility similar to that of normal y-globulin 
(18). Proteins Jo and GM had an electrical mobility inter- 
mediate between 6- and y-globulins at pH 8.6. Although of 
all specimens listed in Table I, protein GM most closely re- 
sembled normal y-globulin in end group distribution, it was of 
antigenic Type III rather than Types I or II as are most myeloma 
globulins (29). Specimen GM also exhibited a major ultra- 
centrifugal component of 9 8, and a minor component of 12 S; 
the heavier components could be disaggregated with mercapto- 
ethanol to yield an ultracentrifugally homogeneous 7 S product 
(19). Each of the five proteins in this category could be distin- 
guished from the others, either by the number of N-terminal 
amino acids or by some physical property. Even the two 
eryoglobulins, R and Gu, which are similar in many properties, 
differed in that the protein R, when dissolved in pH 8.6 Veronal 
buffer at room temperature, readily crystallized on cooling to 4°. 
According to available data, poorly formed crystals of antibodies 
have been described (1), but crystallization of a normal serum 
y-globulin has not been confirmed for any species. 

Other Globulins—The remaining four proteins placed in a 
miscellaneous group were all myeloma globulins of the class 
6.6 S, having a mobility at pH 8.6 similar to that of normal 
y-globulin. However, two of the proteins (We and Du) were 
heterogeneous in electrophoresis; their heterogeneity is also 
reflected by the end group distribution. Specimen We had 1.0 
mole (uncorrected for loss) of an amino end group (or other 
residue) that was not identified; the DNP derivative migrated 
between alanine and dinitrophenol in the tertiary amyl alcohol 
system and traveled only slightly from the origin in the decalin- 
acetic acid system. In the latter case and also on the silica 
gel column, the unidentified derivative moved more slowly than 
alanine and separated from the latter, which was present in 
the amount of 0.2 end group. Alanine was detected as the major 
end group (0.7 mole) in specimen Du with verification by the 
Ry both in column and paper chromatography. Protein IA 
is a physically homogeneous globulin received from Dr. Elliott 
Osserman (30), which was of interest because it had been found 
to contain phenylalanine as an end group in addition to glutamic 
acid. In the tertiary amyl alcohol system, a spot was found 
corresponding either to DNP-phenylalanine or bis-DNP-tyro- 
sine, but in the decalin-acetic acid system, the derivative sep- 
arated from bis-DNP-tyrosine and moved as DNP-phenyl- 
alanine. Globulin Wa is noteworthy only for its apparent lack 
of any amino end group in stoichiometric amounts; however, 
the analysis was made only once on a 60-mg. sample and the 
DNP-aspartic acid eluate was turbid, preventing an accurate 
spectrophotometric reading. 

Comparison of Antigenic Type I Globulins—A more detailed 
comparison of a group of antigenically related myeloma globulins 
of the class designated as 7 §S is given in Table II. These pro- 
teins had many properties in common; all were from patients 
with myeloma, and of Korngold’s antigenic Type I (29), all were 
of the sedimentation class 6.6 5, and although all had a mobility 
at pH 8.6 and an isoelectric point within the broad range of 
y-globulins, each migrated with a sharp boundary in electro- 
phoresis. A high degree of homogeneity was also indicated by 
other characteristics such as the sedimentation pattern, anti- 
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Taste II 


Comparison of a group of antigenically related myeloma 
globulins of class 7 S* 














| | | : . 

| | boh N-terminal groups 
Protein bo oh $20,w pit | pobitity =” --- 

| | protein mad Asp | Glu 

| | - 

| ae | pH 8.6 — moles/160,000 gm. 
la | I | 64 >6.7 | -0.7 | 1.22 [2.05 
Ast | Ij | 66 | 6.4 | -1.1 | 1.26 | 2.0 
Wii | 7.0 | 6.6 | -1.1 | 1.45 1.80.1 
Th§ I | 6.2 7.5 | -1.1 1.25 | 1.80.2 
Wn | iI | 6.1 | —1.6 2.3 | 0. 2'3.9** 


+ 





* Carbohydrate determinations by Dr. R. J. Winzler of the 
University of Illinois, College of Medicine, Chicago; antigenic 
types determined by Dr. L. Korngold of the Sloan-Kettering 
Institute for Cancer Research, New York. 

T Isoelectric point. 


t The first three letters of the name are used as abbreviations 
for amino acids. 


§ Includes an unidentified amino acid similar to leucine or 
phenylalanine. 


{ Cryoglobulins, but the property was more marked in speci- 
men Th. 


|| Antigenically homogeneous. 
** Contained 0.8 mole of other end groups. 


genic behavior, and the N-terminal groups which were present 
in almost stoichiometric proportions. The carbohydrate content 
was well within the range reported for normal y-globulins (3) 
except for specimen Wn, which it may be noted had a greater 
mobility at pH 8.6 as well as a larger number of free carboxyls 
in the N-terminal positions. In this group of rather similar 
proteins, the number of free dicarboxylic groups in the N-termi- 
nal position increases regularly with the mobility at pH 8.6. 
The chief differences detected among these proteins are in their 
amino end groups. Of the three N-aspartyl globulins, Th was 
differentiated from both Ag and Wi by its higher isoelectric 
point. Of all the proteins listed in Table I, the latter two 
resemble each other most closely in every respect tested, 
although, to be sure, specimen Ag had some cryoglobulin charac- 
teristics. 

Macroglobulins—Seven proteins of high molecular weight are 
listed in Table I; five are from patients with clinically diagnosed 
eases of macroglobulinemia, and two are from patients with 
similar symptoms and fatal terminus but of uncertain pathology. 
The physical characterization of these proteins (19) indicates 
that they were composed of ultracentrifugally heterogeneous 
aggregates that were dissociable by mercaptoethanol into class 
7 S subunits with a molecular weight of approximately 160,000. 
Like the myeloma globulins, the macroglobulins differ in electro- 
phoretic mobility; comparison of the physical constants and 
amino end groups of the macroglobulins also suggests a bio- 
chemicsi individuality. The only pathological globulins for 
which stoichiometric amino end groups could not be detected 
were macroglobulins KLI andSM.° Unfortunately, these analy- 


5 In a qualitative determination of the amino end groups of 
eight myeloma globulins, essentially only N-terminal glutamic 
acid was found in four instances, and only aspartic acid in one; 
no end group was reported in the other three globulins, none of 
which was a macroglobulin (31). Although in a preliminary re- 
port no end group was reported by us for one of our myeloma 
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N-TERMINAL GROUPS (moles per 160,000 gm.) 





Os 


10 Se Se ee 
ELECTROPHORETIC MOBILITY AT pH 8.6 

Fig. 1. Distribution of N-terminal groups in pathological 
proteins as a function of mobility. The N-terminal groups are 
given in the ordinate where the amino acid is abbreviated by the 
first three letters of the name and the subscript indicates the 
number of N-terminal residues per molecule. All proteins for 
which mobility data were available are plotted, each being repre- 
sented by the square at its respective mobility. 


40 


ses were completed before the disaggregating effect of mercapto- 
ethanol was discovered and could not be repeated because the 
samples were depleted, and the patients had died. Although 
the lack of detectable amino end groups in these specimens 
may result from inaccessibility within the aggregates, amino 
end groups could be measured in other macroglobulins without 
resort to mercaptoethanol. In the other true macroglobulins, 
KE, HE, and CA, the N-terminal group varied from 1.2 to 
1.5 asparty] residues per 160,000 gm., whereas the figures were 1.8 
aspartyl residues and 0.4 glutamyl residues in protein MO 
which was electrophoretically heterogeneous and of high molec- 
ular weight. The aspartyl end groups were replaced by 3 
glutamyl residues in protein WK which had a high molecular 
weight. The end group data indicate that the macroglobulin 
subunits are composed of from one to three polypeptide chains, 
i.e. similar to the number found in myeloma and normal globu- 
lins. No classification can be made setting apart the macro- 
globulins from normal y-globulins or other pathological proteins 
on any basis except ultracentrifugal or antigenic behavior (19). 

Electrophoretic Distribution—in their physical properties, 
the pathological proteins are most readily distinguished by dif- 
ferences in electrophoretic mobility. It might be thought that 
the abnormal proteins would be found to cluster at some point 
in the mobility spectrum of y-giobulins, for example, that the 
N-aspartyl globulins would all have the same mobility at pH 
8.6, N-glutamyl globulins a different mobility, and so forth. 
However, the data of Table I, as illustrated by Fig. 1, demon- 
strate conclusively that the mobility and the end group type 
are not directly related. On the contrary, globulins having 
only one aspartyl end group are at the two extremes of the mo- 
bility distribution. Although N-leucyl globulins seem to have a 
low mobility, and globulins with two aspartyl end groups seem 
to gather in the median range of mobilities, Fig. 1 does not sug- 
gest any relationship between either the number or type of amino 
end groups and the mobility at pH 8.6. As can be seen from 





globulins (11), leucine is given as the N-terminal group in the 
present results. 
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the summary histogram at the top of the chart, the same indica- 
tions apply to the macroglobulins. The cryoglobulins do ap- 
pear to cluster at the median mobility, but wide exceptions are 
seen if data for all the cryoglobulins studied are considered (18), 

Relationship to Normal y-Globulins—In the first report on 
the amino end groups of normal human y-globulin, we inter- 
preted the variation in the abundance of N-terminal aspartic 
and glutamic acids in different subfractions, such as II-:,2, I]-+, 
and ‘2, as evidence of the heterogeneity of the normal globulin 
(11). This was done in comparison to the homogeneity imputed 
to the myeloma globulins, of which at that time three specimens 
of the N-aspartyl type had been found and also one myeloma 
protein that lacked either of the dicarboxylic acids at the amino 
end. It was suggested (11) that the results could “be inter- 
preted in terms of the physiological occurrence of three (or more) 
y-globulins, only one of which is synthesized by a given patient 
with multiple myeloma. Of these proteins one may contain 
at least two peptide chains both terminating in glutamic acid, 
another two chains with only aspartic acid as the amino end 
group, and the third has neither amino acid in the N-terminal 
position.” The prediction of an N-glutamyl type and of the 
third type has since been verified repeatedly. However, the 
failure of the aspartyl and glutamyl end group types to segregate 
in the mobility spectrum has made it impossible to identify the 
pathological globulins with the suspected N-aspartyl and N-glu- 
tamyl components of the normal protein. Recent evidence 
has suggested a much greater number of normal components 
and possibly a systematic variation in structure leading to 
microheterogeneity of the globulins. For example, in animal 
globulins that lack stoichiometric end groups, only a small 
increase in one end group type is effected either by selection of a 
specific antibody (13) or by chromatography of the whole protein 
(15). In contrast is the surprising change in end group type 
and the greater homogeneity of the globulin produced profusely 
in the human disease.® 


§ In respect to the myeloma proteins, the outstanding feature 
developed in this study is the stoichiometry of the various end 
group types as compared to the globulins of other species. The 
evidence for chemical homogeneity, as indicated by the usual 
absence of fractional end groups, is better than that for rabbit 
y-globulin, for which Porter (32) reported 1.0 residue of N-termi- 
nal alanine but for which McFadden and Smith (33) also observed 
0.4 residue of DNP-aspartic acid of uncertain origin. Both 
the normal y-globulin and specific antibodies in the cow (13) 
and the horse (12) are extremely heterogeneous, as is shown by 
the presence of some 5 to 6 N-terminal residues, none of 
which is present normally in excess of 0.2 residue. It is rather 
odd that in none of the animal species does the sum of the N- 
terminal residues exceed the equivalent of one polypeptide chain 
per 160,000 gm., whereas normal human y-globulin fractions, and 
all but 4 of the 31 pathological proteins, have at least two such 
chains per molecule. Comparison of the amino end group dis- 
tribution for the various species does, however, reveal an in- 
teresting coincidence. With the exception of serine, the DNP 
derivative of which may appear because of the lability of the 
seryl bond, all of the residues found as amino end groups in equine 
globulin also appear in the N-terminal pentapeptide sequence of 
rabbit y-globulin (alanyl leucyl valyl aspartyl glutamyl). The 
same is true of 4 of the 5 fractional N-terminal residues of bovine 
y-globulin. Although alanine, leucine, and valine have not been 
detected as amino end groups in normal human y-globulin, leu- 
cine was the chief end group in two myeloma proteins; alanine 
was a major end group in one specimen and was detected in four 
others; and valine was found twice in small amounts. The pos- 
sibility exists that one locus of structural differentiation in serum 
globulins arises by a shortening of the N-terminal sequence. 
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The failure to identify the pathological proteins with specific 
components of normal y-globulin suggests that individually 
characteristic proteins are produced by the tumor cell, which 
are abnormal in the sense that they are absent physiologically. 
This is contrary to our own first hypothesis (11, 17) and to the 
more recent conclusions of other workers (20, 24). The latter, 
who have studied only a small number of pathological proteins, 
propose that the myeloma globulins are probably normal com- 
ponents of serum present in excessive amount. As yet, no 
experimental test of the two hypotheses can be made. Since 
normal y-globulin by every criterion seems to consist of a hetero- 
geneous continuum of closely related proteins, it is impossible 
to verify the normal absence of trace amounts of pathological 
proteins such as the N-leucyl globulins. Without placing undue 
emphasis on the point, it is nevertheless clear that the present 
comparison of 31 different random samples indicates either that 
new (i.e. abnormal) globulins can be formed in disease or that 
the normal globulin consists of a Gaussian envelope which con- 
tains an almost infinite number of components, one of which is 
by chance synthesized excessively in the course of the disease 
at the expense of all the others. Because the myeloma cells 
produce one type of individually characteristic protein without 
any known normal counterpart (the Bence-Jones proteins), 
there is precedent for our suggestion that an abnormal cell may 
produce an abnormal protein. Moreover, each of the patients 
considered herein suffered from a proliferation of abnormal 
plasmacytes or lymphocytes, with hematological characteristics 
often described as “atypical.” Although no relationship be- 
tween electrophoretic mobility and cell morphology has been 
discerned (34, 35), the hypothesis that a single cell tumor line 
might lead to the production of a characteristic globulin is at- 
tractive. This is supported by the uniform alteration in the 
serum electrophoretic pattern produced on transplantation of a 
mouse plasmacytoma, which is transplanted successfully only 
in a genetically inbred strain (36). 

Structural Changes in Pathological Globulins—The example of 
the abnormal hemoglobins, which exhibit characteristic electro- 
phoretic differences and a related structural interchange at a 
single amino acid locus (37), suggests that the these globulins 
likewise differ structurally from the normal protein and from each 
other. Differences in amino acid composition among the mye- 
loma globulins (20, 35, 38), however, indicate that the structural 
alterations must be in more than one locus besides the N-terminal 
residue. Because of the many interrelationships among the 
normal and pathological globulins, it is possible that large seg- 
ments of the molecules may have a similar sequence, and that 
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the characteristic changes in the pathological globulins are 
limited to interchange of a relatively small number of amino 
acids at a few loci. The postulated structural differences will 
be difficult to identify because of the complete lack of knowledge 
of the amino acid sequence of normal y-globulin and because 
of the heterogeneity of this protein. A structural comparison 
would be more feasible for the homogeneous abnormal globulins 
that have a single type of N-terminal residue. To investigate 
this problem, we are now undertaking a chromatographic com- 
parison of the peptides from tryptic hydrolysis of pathological 
globulins with those from fractions of normal y-globulin. 


SUMMARY 


A remarkable biochemical individuality in patients with 
multiple myeloma, macroglobulinemia, and cryoglobulinemia 
has been revealed by comparison of the electrophoretic data, 
ultracentrifugal properties, and the amino end groups of the 
purified pathological globulins from 31 cases. By use of physi- 
cal and chemical criteria most of the abnormal proteins could be 
distinguished from each other and from the normal whole globu- 
lin. Similarly, the pathological proteins were demonstrably 
more homogeneous than the normal globulin. Although no 
relationship between the nature of the end group and electro- 
phoretic mobility was observed, several major end group types 
were found. These included specimens with N-terminal groups 
as follows: (a) leucine, (6) aspartic acid, (c) glutamic acid, and 
(d) aspartic and glutamic acids. The pathological globulins 
were not identifiable as normal constituents, and it is suggested 
that in some disease states, homogeneous abnormal proteins 
specific for the patient may be produced by the tumor cell. The 
abnormal globulins probably differ structurally from each other 
and from normal globulin in the N-terminal residue as well as 
in various other loci. 
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The stoichiometry and thiol reactions of the complex between 
glyceraldehyde-3-phosphate dehydrogenase and diphosphopyri- 
dine nucleotide have been studied by absorption spectropho- 
tometry and ultracentrifugal separation methods (1-3), but it 
was not possible with these methods to deal with the very 
small dissociation constants nor to cope with the complexes 
between the enzyme and the reduced nucleotide. Limitations 
in speed and sensitivity encountered with the earlier methods 
do not occur when the complexes are studied by fluorescence 
spectroscopy and fluorescence polarization. The stoichiometry 
and dissociation constants of both the DPN and DPNH com- 
plexes may be measured at micromolar concentration levels. 
Changes in the characteristic emission bands both of protein 
and nucleotide serve as quantitative indicators in the titration 
of the essential thiol groups of the coenzyme complexes. The 
fluorescence of bound DPNH also responds to the interaction of 
the protein with orthophosphate ions. Most of the experiments 
done on GPD! have also been carried out with LDH. The two 
enzymes present some strong contrasts in many of their properties 
and these find expression in the spectra and polarization of the 
fluorescence. Differences in the absorption and emission spectra 
of the coenzyme complexes of the two dehydrogenases may be 
interpreted in terms of the conformation and activation of the 
bound nucleotide. A brief account of the emission band of 
DPNH in the LDH complex has been presented by Schwert (4). 


EXPERIMENTAL 


The energy of an absorbed photon may be dissipated chemi- 
cally or thermally, or the excited electron may fall to the ground 
state with the emission of fluorescent light. The fraction of 
the absorbed light that is converted to fluorescence is the result- 
ant of the competing processes of light emission and radiation- 
less energy loss or transfer. It is the dependence of the 
radiationless processes upon the environment that makes the 
fluorescence intensity a sensitive indicator for chemical inter- 
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+A preliminary account of this work was presented at the 
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‘The abbreviations used are: GPD, glyceraldehyde-3-phos- 
phate dehydrogenase; LDH, lactic dehydrogenase; Tris, tris(hy- 
droxymethyl)aminomethane; ADH, horse liver alcohol dehydro- 
genase; CMB, p-chloromercuribenzoate. 


actions. Complex formation may either diminish or enhance 
the fluorescence intensity and may also produce shifts in the 
activation and emission spectra. 

The rate of decay of fluorescence is an exponential function. 
The reciprocal of the first order rate constant of fluorescence 
decay has the dimensions of time and is designated by the 
symbol, 7, the average lifetime of the excited state. Small 
molecules in a viscous solvent or large molecules in a solvent of 
low viscosity exhibit very little rotatory Brownian motion during 
the lifetime of the excited state and, if they are excited with 
plane polarized light, the fluorescence will also be polarized 
with its electric vector usually parallel to that of the activating 
beam. Small molecules in a solvent of low viscosity assume a 
nearly random orientation during the interval, 7, and the 
fluorescence is largely depolarized. However, if the small 
molecule forms a complex with a protein, the fluorescence 
polarization of the small molecule will change as a function of 
the size, shape, and chemical nature of the complex. 

The polarization, P, is defined by Equation 1. 

5 Net 
= Fy +P. (1) 
where F is the fluorescence intensity measured with the polariz- 
ing and analyzing prisms oriented with electric vectors parallel 
and F' , is the intensity measured with the prisms crossed. The 
relation of P to the molecular parameters is given in an expres- 
sion, Equation 2, derived by Perrin (5). 


B-)-( e+) 
. wv A a 

Po» is the maximal value of P obtained in a rigid medium and 
depends upon electronic transitions and internal degrees of 
freedom in the fluorescent oscillator. , is the harmonic mean 
of the relaxation times of the fluorescent molecule under the 
physical conditions of the experiment. This equation has been 
applied to fluorescent dyes combined with proteins by Weber 
(6) and Laurence (7). 

Two types of spectra characterize the fluorescence. The 
activation spectrum is the fluorescence intensity plotted as a 
function of the wave length of the activating light. When 
properly corrected, it coincides with the absorption spectrum. 
As a first approximation the emission spectrum is a mirror image 
of the absorption spectrum displaced toward longer wave lengths. 
In certain cases an excited molecule may transfer its excitation 
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energy to a different species of fluorescent molecule which in 
turn becomes excited to fluoresce. This event is recognized 
by the appearance of the absorption band of the donor in the 
fluorescence activation spectrum of the acceptor. A clear 
example of energy transfer from protein to bound DPNH is 
provided in the present work. 

Fluorometers—The intensity and polarization of the fluo- 
rescence were measured at right angles to theactivating beam with 
the aid of a photomultiplier tube and a sensitive galvanometer. 
Initial work was done with a Farrand model A fluorometer with 
a Corning No. 5860 primary filter and a secondary filter com- 
bination of Corning No. 4308 and 3389. These filters served 
for the activation of DPNH and the isolation of its emission 
band. Polaroid disks selected for transmission at the desired 
wave lengths were mounted in brass sockets and inserted in the 
filter compartments when polarization was measured. The 
polaroid could not be used at wave lengths much below 340 mu. 
The use of the instrument in the ultraviolet is also limited by 
the availability of suitable light filters. For temperature control 
the cylindrical sheet metal sample holder of the instrument 
was replaced by an aluminum block in which holes were bored 
for sample tubes, optical paths, and for circulating fluid from a 
thermostat. 

Studies of activation and emission spectra, and work with 
protein fluorescence, were done with the Aminco Bowman 
spectrophotofluorometer (8). The grating monochromator for 
the fluorescent light was calibrated against a mercury arc. 
Emission spectra were not corrected for the spectral response 
of the photomultiplier tube (RCA 1P 28). The monochromator 
in the primary or activating beam was calibrated by adjusting 
its wave length scale to correspond with that of the secondary 
monochromator at several wave lengths of light passed through 
the complete system. The energy of the light source, a high 
pressure xenon arc, increases continuously from 220 to 400 mu. 
Consequently the wave lengths of the activation maxima that 
are directly recorded are all shifted 5 to 15 my toward longer 
wave lengths. Other artifacts may occur in fluorescence 
spectroscopy as a result of internal absorption and scattering. 
These are minimized by working at the lowest concentrations 
compatible with the experiment and by taking precautions to 
eliminate nonessential turbidity. The results reported in the 
present work were reproducible on different instruments under 
a variety of conditions. Interpretations are based primarily 
upon changes or differences under defined conditions and on 
comparisons with appropriate standards. No corrections have 
been applied to the activation or emission spectra. The protein 
activation maximum, for example, is recorded to be near 290 mu 
although in theory it coincides with the absorption maximum 
near 280 mu. 

The spectrophotofluorometer was adapted for polarization 
work by mounting small Glan Thompson prisms directly in 
front of the entrance and exit slits of the cuvette holder. 

Enzymes—The GPD recrystallized 4 times from rabbit 
skeletal muscle (9) was prepared and handled in the presence 
of 0.002 m ethylenediaminetetraacetic acid in all solvents. 
For removal of the bound DPN which normally accompanies 
the crystalline enzyme, approximately 12 mg. of crystal cake 
were dissolved in 1 ml. of 0.1 m Tris acetate at the desired pH 
and stirred with 200 mg. of acid-washed Norit A. The suspen- 
sion was filtered by suction through a thin layer of filter aid 
(Celite, analytical grade) to yield a clear solution of the apo 
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enzyme. The optical densities at 280 and 260 my were in the 
ratio of 1.9.:1. 

LDH was obtained from beef heart and recrystallized 3 times 
from ammonium sulfate (10). The enzyme was not subjected 
to electrophoretic resolution of the 2 active components. One 
sample of the enzyme was obtained from the Worthington 
Biochemical Corporation and recrystallized twice before use, 
DPN, DPNH, and CMB (crystalline sodium salt) were products 
of the Sigma Chemical Company. 

Titrations—Complex formation and dissociation were followed 
by fluorometric titrations in which very small increments of a 
concentrated titrant were added to 1.0 or 2.0 ml. of test solution 
from a micrometer burette or micropipette. In all of the re- 
ported results, small but significant corrections have been 
applied for dilution by the titrant. With the filter fluorometer 
3-ml. Pyrex test tubes, selected for absence of fluorescent 
contamination in the glass, were used as cuvettes. Quartz 
cuvettes of square cross section were used with the spectro- 
photofluorometer. 


RESULTS 


Activation and Emission Spectra of free and Bound DPNH— 
Fig. 1 illustrates the effect of complex formation on the fluores- 
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Fig. 1. The fluorescence emission band and the main activation 
band of free DPNH and of DPNH bound to GPD and LDH. In 
all cases the total DPNH concentration was 2.6 X 10-° Mm in 0.1 
M Tris acetate, pH 7.1, at 25°. The curves on the left are the acti- 
vation bands for fluorescence measured at the emission maximum. 
Curve A is free DPNH, B is GPD(DPNH);, and C is LDH: 
(DPNH);. The curves on the right are the emission bands of 
DPNH excited at the activation maximum. Curve A’ is free 
DPNH, B’ is GPD(DPNH);, and C’ is LDH(DPNH);. The 
ordinates labeled ‘“‘fluorescence”’ in this and in subsequent figures 
are scaled in arbitrary units. These units depend upon the am- 
plification of the signal that is used in a particular experiment. 
The amplification is held constant whenever a set of curves is 
compared but is varied in different experiments depending upon 
the concentrations used and other factors. 
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Fig. 2. The emission spectrum of LDH and of the LDH- 
(DPNH); complex activated at 290 my. Curve A is the free 
protein, B is the complex at the same concentration, and C is 
the difference spectrum, B — A. Curve C corresponds to the 
contribution of the bound DPNH to the total emission activated 
at this wave length. The corresponding difference band for the 
main peak would have a negative sign and would represent the 
quenching of the protein fluorescence by the bound nucleotide. 
The buffer was 0.1 m Tris acetate, pH 7.1, at 25°. 
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Fic. 3. The fluorescence emission spectrum of GPD and of the 
GPD(DPNH); complex activated at 290 mu. The conditions 
were the same as in Fig. 2 except that the difference spectrum, 
labeled DIFF., corresponds to GPD(DPNH); — GPD(DPN). 
By subtracting the curve of the DPN complex instead of that of 
the free protein, one obtains an approximate correction for the 
quenching of the protein fluorescence by the bound DPNH. 
DPN itself, free or bound, does not fluoresce in the spectral range 
examined. 


cence spectrum of DPNH activated in its 340-my absorption 
band. GPD is seen to depress the fluorescence with no appre- 
ciable wave length shift whereas LDH enhances the fluorescence 
and shifts the maximum from 465 to about 440 my. The wave 
length of the activation maximum for the GPD-DPNH complex 
coincides with that of the free nucleotide whereas that of the 
LDH-DPNH complex is shifted a few my toward the ultraviolet. 
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The shift in the activation band of the LDH-DPNH complex 
is correlated with a shift in the absorption maximum of bound 
DPNH from 340 to 335 my. The absorption shift was first 
observed by Neilands (11). 

Emission Spectra of Proteins—The protein emission spectra of 
LDH, GPD, and their respective DPNH complexes activated 
at 290 my are shown in Figs. 2 and 3. The strong protein 
emission bands are maximal at 350 my and vary only in intensity 
with the activating wave length. Activation maxima, uncor- 
rected, are near 290 my, corresponding to the 280-my absorption 
bands. In both cases the protein fluorescence is depressed by 
DPNH but at wave lengths longer than 410 my the emission is 
enhanced by the nucleotide. Difference spectra, complex minus 
free protein or complex minus partially quenched protein, estab- 
lish the enhancement in the 450 my region as arising from emis- 
sion by bound DPNH. The depression of the protein fluores- 
cence by bound DPN is similar to that by bound DPNH except 
that there is no enhancement in the region above 410 mu. Re- 
duced and oxidized triphosphopyridine nucleotides do not quench 
the protein fluorescence because they are not bound by the pro- 
teins. 

Activation by Energy Transfer—The fluorescence of bound 
DPNH activated at 290 mu, Figs. 2 and 3, was considerably 
larger than that given by free DPNH activated at the same 
wave length. This prompted a comparison of the activation 
spectra of free and bound DPNH in the ultraviolet region (Fig. 
4). Free DPNH shows uncorrected activation peaks at 270 
and 350 my, corresponding to the 260 and 340 my absorption 
bands. Thesmall contribution of the proteins to the fluorescence 
in the 440 to 470 my region arises from the tails of the intense 
350-my protein emission bands. In addition to the 350 my 
activation bands of free and bound DPNH, which have already 
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Fia. 4. The effect of enzyme complex formation on the fluores- 
cence activation of DPNH in the regions of weak and strong pro- 
tein absorption. Note that the emission intensity was measured 
at 470 my which is near the nucleotide emission peak for GPD- 
(DPNH); but is not maximal for DPNH in the LDH complex. 
This does not affect the interpretation. The total concentration 
of DPNH in the GPD experiments was 10 umoles per liter and in 
the LDH experiments 8 yzmoles per liter. The protein concen- 
trations were selected to give the indicated concentration ratios. 
Buffer and temperature were as in Fig. 2. 
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been discussed, a new peak appears with both enzyme complexes 
in the 290 my region. As shown by the emission difference 
spectra in Figs. 2 and 3, the 290 my activation produces true 
DPNH fluorescence. The new activation peak is of moderate 
intensity with GPD, very strong with LDH, and is not corre- 
lated with shifts in the absorption spectra. It occurs in a region 
where DPNH absorption, free or bound, is minimal and protein 
absorption maximal. Since there is a fairly close correspondence 
between the 290-my activation peaks for both protein and nucleo- 
tide fluorescence of the LDH complex it is concluded that the 
nucleotide activation in this region arises by energy transfer from 
the excited aromatic amino acid residues of the protein to the 
bound DPNH. This interpretation is supported by the polari- 
zation measurements to be presented. The mechanism of the 
energy transfer and the significance of the 270-my activation 
band of free DPNH will be discussed later. 

Protein Fluorescence and Aromatic Amino Acid Residues— 
Protein fluorescence arises chiefly from the constituent residues 
of tyrosine and tryptophan. Teale and Weber (12) have esti- 
mated the fluorescence quantum efficiencies of these amino acids 
to be 0.19 and 0.21 respectively. Tryptophan absorbs more 
strongly than tyrosine and, when present in the usual amounts, 
makes the dominant contribution to the protein fluorescence. 
The amino acid composition of GPD was determined a number 
of years ago and the tyrosine and tryptophan contents were 
found to be 4.57 and 2.05 per cent respectively (13). Redeter- 
mination of these values by the method of Duggan and Uden- 
friend (14) gives results which agree to within +3 per cent. 
Fig. 5 shows the protein emission bands of GPD and LDH and 
of their respective hydrolysates. If there were no residue inter- 
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Fic. 5. The fluorescences of the enzyme proteins compared 
with those of their alkaline hydrolysates. Curves 1 and 2 are for 
intact LDH in 0.1 m Tris acetate, pH 7.1, and in 1.0 N sodium car- 
bonate respectively; LDH, 0.73 uwmoles per liter. Curve 3 is the 
complete alkaline hydrolysate of the same concentration of LDH 
measured in 1.0 N sodium carbonate. The carbonate does not 
greatly affect the fluorescence of free tryptophan but suppresses 
the small contribution of free tyrosine. Curve 4 is the emission of 
intact GPD, 0.6 umoles per liter. This emission is the same in 
the Tris and in the sodium carbonate buffers. The solid line in 
Curve 6 is the emission from the alkaline hydrolysate of GPD at 
the same concentration as Curve 4 and the experimental points 
are emissions of L-tryptophan at the concentration at which it 
occurs in the GPD sample. Curve & was done in 1.0 N sodium 
carbonate. Activation for all curves was at 290 mu. 
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Fic. 6. Changes in DPNH fluorescence intensity and DPNH 
fluorescence polarization during titration of the coenzyme with 
GPD. The total DPNH was 6 mu moles in 1.0 ml. of 0.1 m Tris 
acetate, pH 7.1. This experiment was done with polaroid and 
light filters. Activation was in the 340-my absorption band. 


action within the protein molecule, the tyrosine contribution 
would appear as a small hump on the lower wave length side 
of the tryptophan emission band at pH 7 and would not appear 
at all at the higher pH. The protein emission bands actually 
appear as single peaks with no clearly distinguishable tyrosine 
contribution at either of the pH’s investigated. However the 
emission maxima are displaced about 10 my toward shorter 
wave lengths from that of free tryptophan and there is a con- 
siderable enhancement in intensity. The 350 my fluorescence 
of LDH is about 5 times as intense as that of GPD per unit 
weight of protein whereas the tryptophan content, 4.17 per 
cent, is only twice as high. 

Polarization of Fluorescence—The change in the fluorescence 
polarization of DPNH as a result of complex formation with 
GPD is illustrated in Fig. 6. In this titration a standard sample 
of the coenzyme was titrated with a solution of GPD. The 
emission intensity is seen to drop and the polarization to increase 
as a function of the mole fraction of DPNH in the bound form. 
The relative slopes of the two curves are roughly the same but 
of opposite sign. In a similar titration with LDH both the 
intensity and the polarization increase as a function of the mole 
fraction of bound DPNH and the slope of the polarization curve 
is steeper. In any given solution the polarization of the nucleo- 
tide fluorescence is the sum of the contributions of the free and 
bound forms. The concentration of each form is not only 
weighted by its corresponding polarization value but also by 
the specific fluorescence intensity of thatform. This is expressed 
in Equation 3, 


Fy — Fi (f-ty + b-t)y — (f-t, + b-) 1 
Fy t+ FL (frig +b ts)y + (f-iy + betsy) 





(3) 


where f and 6 are the fractions of the total DPNH in the free 
and bound forms respectively, and i; and 7, are the relative 
fluorescence intensities of these forms per unit concentration. 
The polarization as a function of the mole fraction of DPNH 
bound by each of the enzymes is shown in Fig. 7. Two points 
are to be noted concerning these polarization values. The first 
is the relatively high fluorescence polarization of free DPNH. 
This arises not from a long relaxation time but from a very 
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Fic. 7. Fluorescence polarization of DPNH as a function of 

the mole fraction of the DPNH that is bound respectively by LDH 
and GPD. The curves are calculated from experimental data 
obtained with the spectrophotofluorometer and Glan Thompson 
prisms according to Equation3. The absolute polarization values 
obtained with this instrument are higher than with the filter 
fluorometer. 


small value of r. Weber (15) has estimated that r = 5 X 10-?° 
second for DPNH in distilled water. Under the present con- 
ditions the value of 7 seems to be still smaller. The second 
point is the difference in the fluorescence polarizations of the 
bound DPNH in the LDH and the GPD complexes. The two 
enzymes have very nearly the same molecular weights and the 
same apparent axial ratios, mol. wt. ~ 135,000, a/b ~ 2 (16-18). 
The harmonic mean of the relaxation time may be calculated by 
the method of Perrin (19) and is found to be of the order of 
1.7 X 10-7 second. If 37 were as large as8 X 10-7 second, P 
would still be within 4 per cent Py (Equation 2). Actually 
there is only a small dependence of P upon viscosity; 37 is much 
smaller than 8 X 10-7 second, and the observed values of P 
are very close to Po. The difference in the fluorescence polariza- 
tion of DPNH in its complexes with the two enzymes reflects a 
difference not in the relaxation times of the two proteins but 
in the mechanisms of interaction of each protein with the re- 
duced pyridine ring of the bound coenzyme. 

The polarization of the protein fluorescence of both enzymes is 
0.24. Free tryptophan in the same buffer and at the same 
temperature emits a fluorescence that is largely depolarized; 
but in a highly viscous solvent, 60 per cent sucrose by weight, 
the fluorescence polarization of free tryptophan is 0.23. In the 
latter solvent P ~ Po. The proteins, by their large size and 
slow Brownian motion, thus effectively immobilize their con- 
stituent tryptophan residues during the lifetimes of their excited 
states. Moreover, there is no interaction between the constit- 
uent tryptophan residues of a single molecule that leads to 
fluorescence depolarization. Table I summarizes the various 
polarization values that have been obtained. The fluorescence 
polarization of DPNH is diminished when it is activated at 
wave lengths below those of the main 340-my absorption band, 
but the polarization remains positive. When the DPNH 
fluorescence is excited by energy transfer from the protein in 
the LDH complex, the fluorescence polarization is seen to be 
negative. In this case the fluorescence is polarized in a plane 
perpendicular to that of the activation beam. 

Stoichiometry and Dissociation Constants of Enzyme Coenzyme 
Complexes—The changes in the fluorescence both of the pro- 
teins and of the DPNH that occur as a result of complex for- 
mation may be utilized in a variety of ways to determine stoi- 
chiometry and dissociation constants. Titrations of enzyme 
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with DPNH, in which DPNH fluorescence activated at 350 mp 
is observed, are shown in Fig. 8. The initial slope, fluorescence 
versus [DPNH], is depressed by GPD and enhanced by LDH. 
At the relatively high protein concentrations employed, dis- 
sociation is slight and clearly defined inflections occur at the 
equivalence points. This type of titration is useful for stoi- 
chiometry but is not ideal for dissociation constants because 
of the terminal slopes and the high fluorescence intensity as the 
limits are approached. A titration of a fixed amount of DPNH 


TaBLeE I 
Fluorescence polarization of GPD, LDH, DPNH, and enzyme 
DPNH complezes 

The measurements were all made in 0.1 m Tris acetate, 0.002 m 
ethylenediaminetetraacetic acid, pH 7.1 at 25°. The polarization 
values are independent of concentration over the concentration 
ranges considered in this work. Polarization signs that are not 
marked are positive. The measurements recorded here were 
made on the spectrophotofluorometer with a precision of about 
+5 per cent. 















































Protein — at Nucleotide fluorescence at 460 my 
Activation | 
wave length Ca am com 
| GPD LDH Free complex complex 
| 
mp | 
70 | 0.23 0.24 
280 | 0.22 0.22 
290 | 0.24 0.24 0.08 0.03 —0.01 
300 | (0.25 0.25 0.096 0.03 | —0.01 
310 | 0.10 0.13 +0.19 
320 | 0.10 +0.32 
330 | 0.10 0.23 +0.38 
340 | 0.10 0.28 | +0.41 
350 0.10 0.28 | +0.41 
370 0.10 0.26 | +0.40 
100+ GPO 4+ LOH 
¥ 00 [ 
60} . ° : 
5 / 
a 40 . 4 
S 
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Fic. 8. Stoichiometry of the enzyme DPNH complexes by 
fluorometric titration of enzyme with DPNH. Curves A and D 
are DPNH calibration controls containing no enzyme. Curve B 
is 0.736 mg. of GPD and Curve C is 0.644 mg. of LDH in 0.1 M Tris 
acetate, pH 7.2. The end point with GPD is at 16.4 mymoles of 
DPNH corresponding to a minimal combining weight of 44,800 
gm. of protein per mole of DPNH. The corresponding minimal 
combining weight of LDH is 35,600 gm. of protein. The specific 
extinction coefficients for determining the protein concentrations 
were 0.96 ml. per mg. for GPD and 1.42 ml. per mg. for LDH at 
280 my, pH 7, in cells of 1-em. light path. 
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with GPD was shown previously in Fig. 6. This type of titra- 
tion, with or without polarization measurements, has yielded 
satisfactory dissociation constants when sufficiently lbw DPNH 
concentrations were employed. In this type of titration with 
enzyme in excess at the limit it must be kept in mind that all 
binding sites are not occupied. 

At very low concentrations it is convenient to follow protein 
rather than DPNH fluorescence. The protein fluorescence is 
not only more intense but it responds to complex formation with 
both the oxidized and reduced forms of the coenzyme. Dis- 
sociation is easily measurable in the titrations of GPD with DPN 
and DPNH, Fig. 9. The experimental points are compared 
with theoretical curves plotted on the assumption of equivalent 

















90 
80 Koen = 0.06 «10-6 M Kopny = 0.24 10-6 M 
= 80 
375 
us 70} 
= 
3 0 sol 
5 
uw 
50r 
aoe TK oe we 2 3 
DPN MICROMOLES PER LITER DPNH 


Fic. 9. The dissociation constants of GPD-DPN and GPD- 
DPNH complexes in 0.1 m Tris acetate, pH 7.1, at 25°. The pro- 
tein concentration was 0.021 mg. per ml. or 0.465 yeq. of binding 
sites per liter. Fluorescence, activated at 300 mu, was measured 
at 350 my. Note that the maximal quenching by DPN is 27 per 
cent whereas that by DPNH is 40 per cent. The solid lines are 
theoretical curves calculated for K = [enzyme] ree[coenzyme] free/ 
fcoenzyme]pouna- 
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Fic. 10. The titration of LDH with DPNH for stoichiometry 
and dissociation constants. The enzyme concentration was 0.244 
mg. per ml. of 0.1 m Tris acetate, pH 7.1. The curve on the left 
is nucleotide fluorescence activated by energy transfer from the 
protein. The equivalence point is 6.3 mumoles of DPNH corre- 
sponding to a minimal combining weight of 38,700 gm. of protein 
per mole of DPNH. The solid line is the theoretical curve for 
Kppxa = 0.3 X 10-*m. The curve on the right is the quenching 
of protein fluorescence by DPNH. The minimal combining 
weight is 36,300 gm. The solid line is the theoretical curve for 
Kppnu = 0.4 X 10-®m. The discrepancies in the results represent 
random errors and not systematic differences. 
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TasB_e II 
Stoichiometry and dissociation constants of GPD and LDH 
coenzyme complexes at pH 7.1 and 25° 
The GPD coenzyme dissociation constants begin to increase 
above pH 8 but it has not yet been possible to assign a proteolytic 
pK to groups affecting these constants. 


























elite tas Molecular weight 
bining weight Kppn | Kppnu 
Binding Sedimentation 
uM uM 
GPD.......| 45,000* 135,000f | 138,000§ 0.06 | 0.24 
120 ,000§ 
ioe. ...... 37, 500* 150, 000f 135,000]| | 3509 0.35 





* Average of 5determinations +5 per cent. 

t Calculated for 3 binding sites per molecule. 

t Calculated for 4 binding sites per molecule. 

§ See refs. 16 and 17. 

|| Estimated to be +10 per cent (11). 

{ By ultracentrifugal separation in phosphate buffer (20). 


and independent binding sites. The fit is within the limits 
of error of the measurements and it is seen that the enzyme has a 
greater affinity for DPN than for DPNH. -The dissociation 
constants are unusually small. It had been possible to make only 
rough approximations of them by previous methods. 

The very strong effect of the transfer of excitation energy from 
LDH to the bound DPNH is utilized in the titration shown in 
Fig. 10 where the activation beam is at 290 my and the nucleo- 
tide fluorescence is read at 480 my. The latter wave length was 
selected to minimize the direct contribution of the protein to 
the fluorescence. Increments of DPNH beyond the equivalence 
point are only weakly activated and the curve is seen to become 
nearly horizontal. The quenching of LDH fluorescence by 
DPNH (Fig. 10) is similar to that of GPD but is of somewhat 
greater magnitude. DPN on the other hand produces an equiva- 
lent quenching effect with LDH only at 1000-fold higher con- 
centrations. Because of the large dissociation constant of the 
LDH-DPN complex, titrations with DPN are carried out with 
the nucleotide in large excess. The mole fraction of the nucleo- 
tide bound at any point is negligible. In principle the results 
may be analyzed by double reciprocal plots, 1/(A fluorescence) 
versus 1/[DPN], similar to those used in the extrapolations for 
Michaelis constants. The results indicate Kppn values of the 
order of 10-‘ m, which are in the range reported by Takenaka and 
Schwert (20) who used the ultracentrifugal separation method. 
However, there are still unsolved technical problems in the use 
of high concentrations of material in quantitative fluorescence 
work. One difficulty encountered in the titration of LDH with 
DPN arose from the presence of a fraction of 1 per cent of DPNH 
in the highly purified DPN samples. Because of the disparity 
of the dissociation constants this amount of DPNH caused a 
significant interference. 

The stoichiometric relations and dissociation constants are 
summarized in Table II. The minimal combining weight of 
GPD is 45,000 gm. of protein per mole of coenzyme. This is 
about 10 per cent higher than our previous values obtained by 
the ultracentrifugal separation method (1), by titration of 
enzyme activity (1), and by absorption spectrophotometry (2). 
In accord with our previous interpretation, the resolved enzyme 
has 3 coenzyme binding sites per molecule but the apparent 
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Fic. 11. The displacement of bound DPNH by DPN from the 
binding sites on GPD. The solution contained 0.565 mg. of 
GPD in 1.0 ml. of 0.1 m Tris acetate, pH 6.8 and 16.7 mumoles of 
DPNH, a 40 per cent excess over that required for 3 binding sites 
per molecule. The same results are obtained at pH 7.2 and 8.2. 


molecular weight is closer to the value of 138,000 reported by 
Fox and Dandliker (16) than to the value of 120,000 obtained 
by Taylor and Lowry (17) by the sedimentation velocity and 
diffusion method. The probable errors of the present work are 
more likely to give high than to give low results for the molecular 
weight. The conclusion of Fox and Dandliker that the unre- 
solved enzyme contains closer to 3 than to 2 mole equivalents 
of bound DPN when the enzyme is prepared and recrystallized 
in the presence of ethylenediaminetetraacetic acid is correct. 
It should also be noted that there are no clear signs of interaction 
between coenzyme binding sites in the present studies carried 
out in dilute solution at room temperature. 

Competitive Binding of DPN and DPN H—The curves in Fig. 11 
show the changes in fluorescence intensity and fluorescence 
polarization of DPNH when the GPD(DPNH); complex is 
titrated with DPN. The fluorescence intensity is seen to in- 
crease and the fluorescence polarization to decrease with increas- 
ing concentrations of DPN. These quantities correspond with 
the values for free DPNH as the lim't is approached. The free 
DPN thus causes the release of bound DPNH, as it must do in 
the enzymatic reaction if the two forms of the coenzyme occupy 
the same binding sites. The competitive nature of the dis- 
placement is illustrated by titrations carried out at total nucleo- 
tide concentrations sufficiently high so that all of the binding 
sites are occupied by one form of the coenzyme or the other. 
Under these conditions the concentration of bound DPN is equal 
to the concentration of DPNH that is released. The ratio of 
the equilibrium constants is expressed in Equation 4. 


Kppx_ _ [DPNliree [DPNH]pouna 
Kppnu [DPN] pouna [DPN H] free 





(4) 


The quantities on the right are measured or determined by dif- 
ference. The ratio of the equilibrium constants obtained by 
Equation 4 may be compared with the ratio of the individual 
K’s determined as previously described. Titration data and 
calculations are given in Table III. The average ratio K ppx/ 
K pena determined in several competition titrations is 0.22 + 
0.04 whereas the ratio of the corresponding K values in Table II 
is 0.25. 

Thiol Groups and Coenzyme Binding—When the GPD- 
(DPNH); complex is titrated with CMB, the DPNH fluorescence 
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intensity increases and the fluorescence polarization decreases. 
There is a well defined end point and the intensity and polariza- 
tion values at the limit correspond with those of free DPNH. 
It is clear from such a titration that the CMB promotes the 
release of bound DPNH but the effect is more complicated 
than the simple displacement reaction described for DPN, 
Fig. 12. If one uses the increase in protein fluorescence at 350 
my as the indicator for coenzyme release, polarization changes 
are not observed since polarization of protein fluorescence is 
unaffected, but the effects of CMB on both the DPN and DPNH 
complexes may now be studied. The curves in Fig. 13 are 


TaB.e III 
Competitive equilibrium of DPN and DPNH with GPD 

Conditions: 8.73 weq. of GPD per liter, 13.8 umoles of DPNH 
per liter in 0.1 m Tris acetate, 0.002 m ethylenediaminetetraacetic 
acid, pH 7.1 and 25°. The first row is a limiting value with excess 
GPD. The second row is the starting point and shows dissocia- 
tion. The last row is the limit for complete dissociation in the 
presence of excess CMB. The fractional increment is: (Fluores- 
cence — 57.4)/(75.4 — 57.4). The concentration of DPNHpouna 
is: (8.73 X Fractional increment). The concentration of 
DPN boung = (8.73 — [DPNH]pouna), according to the assumption 
given in the text. This experiment was done on the filter fluor- 
ometer. Titrations on the spectrophotofluorometer with this 
and other preparations of GPD have given values of Kppy/Kppnu 
with about the same internal consistency per experiment but 
varying from 0.16 to 0.29 in different experiments. See text for 
average deviation. 





DPNH DPN 
tota rescence | v | 
crement | Bound | 





Kppn/Kppnu 


| Free | Bound Free 











| 
uM | | uM uM uM | BM 
0.00 | 57.4 | 8.73) 5.1 | 0.00) 0.00 | 
0.00 | 58.2 | | 8.38 5.45 | 0.00 0.00 
3.26 | 63.2 | 0.322 | 5.92 | 7.91 | 2.81 | 7.45 .12 
6.52 | 66.8 | 0.522 | 4.17 | 9.66 4.56) 1.96 0.18 
11.4 70.7 | 0.739 | 2.28 | 11.5 | 6.45 4.95 0.15 
19.4 | 72.0 | 0.811 | 1.65 | 12.2 | 7.08| 12.3 | 0.22 
43.4 | 74.5 | 0.95 | 0.44 | 13.4 | 8.29 | 35.1 0.14 
CMB , 75.4 | 1.0 | 0.00 13.8 | 0.00 | 43.4 
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Fic. 12. The release of bound DPNH from GPD by titration of 


the complex with CMB. DPNH fluorescence, activated in the 
340-mu band, was observed on the filter fluorometer. The solu- 
tion contained 0.263 mg. of protein or 1.95 mumoles (mol.wt. 135,000) 
in 1.0 ml. of 0.1 m Tris acetate, pH 7.2. The end point occurs at 
approximately 3.8 moles of CMB per mole of protein. 
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Fic. 13. The titration of GPD coenzyme complexes with CMB 
using protein fluorescence as the indicator. In all titrations 
there were 3.3 mumoles of GPD in 0.1 m Tris acetate, 0.002 m 
ethylenediaminetetraacetic acid, pH 7.1, in a volume of 1.0 
ml. For Curves 1, 2, and 3 there were respectively 2.4, 4.7, and 
9.4 mumoles of DPNH. For Curves 4, 5, 6, and 7, the amounts of 
DPN added were 2.4, 4.8, 7.2, and 14.5 myumoles. Activation 
was at 300 mu. 


4 


2 16 





titrations of GPD complexes containing roughly 1, 2, and 3 
mole equivalents of coenzyme per mole of protein. Similar 
sets of curves are obtained with the DPNH complexes if nucleo- 
tide instead of protein fluorescence is observed. Attention is 
called to four features of these curves. (a) The same amount of 
CMB is required for complete dissociation of the complexes, 
whether 1, 2, or 3 mole equivalents of coenzyme are originally 
bound. (6) The responses of the DPN and the DPNH complexes 
are essentially the same. (c) The amount of CMB required 
for complete dissociation of the complexes is in excess of the 
maximal number of coenzyme binding sites. (d) The first mole 
equivalent of CMB causes release of coenzyme even when there 
are unoccupied coenzyme binding sites. 

The lack of a one to one stoichiometry between CMB and 
coenzyme, and the behavior of the complexes containing unoc- 
cupied coenzyme binding sites, indicate that coenzyme release 
involves more than a direct displacement. The standard free 
energy change, AF», for the dissociation of DPN or DPNH from 
the enzyme is of the order of +10,000 calories per mole. If the 
reaction were a direct displacement, the first increments of the 
reagent would be strongly directed to those thiol groups located 
on or near unoccupied coenzyme binding sites. In such a case 
there would be no coenzyme release until all of the unoccupied 
sites were filled by CMB. Actually, coenzyme release begins 
immediately. This could happen as a result of a perturbation 
of the protein structure by mercaptide formation. Such an 
effect, operating against the strong enzyme-coenzyme interaction, 
is made possible by the large energy change in the reaction 
between CMB and thiol groups. Each molecule of CMB that 
reacts weakens the coenzyme interaction at all three binding 
sites. As a result of the perturbation the rate of spontaneous 
denaturation of the protein at room temperature is greatly 
accelerated. However, if the CMB is removed within a few 
minutes at room temperature, or after a longer interval in the 
cold, by treatment with an excess of cysteine, full enzyme 
activity is restored and the free coenzyme is immediately bound 
again. Most, if not all, of the nonmethionine sulfur of GPD 
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is in the form of free thiol groups and there are 11 or 12 of these 
groups per molecule (21). 

Mercaptide formation between LDH and CMB has been 
found to occur by Neilands (18) and by Takenaka and Schwert 
(20). Nevertheless, incubation of the enzyme with 30 mole 
equivalents of CMB for 5 to 10 minutes neither promotes the 
dissociation of bound DPNH nor prevents the binding of DPNH 
by the apoenzyme. 

Competition of GPD and LDH for DPNH—GPD and LDH 
act on substrates that are several steps removed from each other 
in the glycolytic pathway of mammalian muscle, but under 
conditions of oxygen shortage they act sequentially on DPNH. 
It was therefore pertinent to examine the interaction of these 
enzymes with DPNH under competitive as well as under isolated 
conditions. The characteristic changes in the DPNH fluores- 
cence made it possible to distinguish the two enzyme DPNH 
complexes in a mixture. In Fig. 14 is shown the titration curve 
that is obtained when increments of GPD are added to a solu- 
tion of the LDH(DPNH); complex. As successive portions 
of nucleotide are withdrawn from the LDH complex by GPD the 
fluorescence intensity decreases and approaches as a limit the 
value given by the GPD(DPNH); complex. Emission spectra 
and polarization values are in accord with the interpretation 
that there is a transfer of the coenzyme from one protein to the 
other. The curve in Fig. 14 may be treated as a competitive 
equilibrium by the method applied to the reaction of DPN and 
DPNH with GPD. In this case the experimental condition 
that facilitates analysis is that essentially all of the DPNH be 
bound to one enzyme or the other. The ratio of the equilibrium 
constants is given by Equation 5. 


Kppnu-cpp mn [GPD] tree [LDH] bouna 
K ppnu-.pu [GPD]bouna [LDH tree 





(5) 


The upper limit of the curve is the initial reading for the LDH 
complex and the lower limit is obtained in a separate experiment 
in which the LDH is omitted. The fraction of the total DPNH 
that is transferred is given by the fractional decrease in the 
fluorescence intensity of the DPNH. Calculations and the 
ratios of the dissociation constants are given in Table lV. The 
ratio of the two dissociation constants is found to be 0.71 whereas 
the ratio of the constants determined under noncompetitive 
conditions, Table II, is approximately 0.7. No evidence is 
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Fic. 14. The competition of LDH and GPD for DPNH. The 
LDH-DPNH complex was titrated with GPD in 0.1 m Tris acetate, 


pH 7.1. The concentrations were as indicated in the figure. Ac- 
tivation was at 350 mu. 
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provided in these experiments for the occurrence of a GPD- 
DPNH-LDH complex (22, 23). The possibility that such a 
complex may occur under other conditions is being investigated. 

Effects of Anions—Orthophosphate ion is a substrate for 
GPD. By dialysis equilibrium and electrophoretic analysis 
(24) the GPD-DPN complex was found to bind approximately 
10 phosphate ions with an apparent dissociation constant of about 
0.02 m at pH 6.7 at 3°. There was also a larger number of 
still weaker anion-binding sites. When the GPD(DPNH); 
complex in Tris acetate buffer, pH 6.7, at 25°, is titrated with 
a concentrated solution of potassium phosphate, pH 6.7, the 
results shown in Fig. 15 are obtained. Nucleotide fluorescence 


TaB.e IV 
Competition of lactic and glyceraldehyde-3-phosphate 
dehydrogenases for DPNH 

Conditions: the test solution contained LDH at a concentration 
of 7.08 micro binding equivalents per liter and 7.08 uwmoles per 
liter of DPNH in 0.1 m Tris acetate, pH 7.1. Fluorescence on the 
spectrophotofluorometer was activated at 350 my and measured 
at 440 my. The value given in the first line is the limiting 
fluorescence in a separate experiment with an excess of LDH. 
The value given in the second line is the starting point and 
that in the final line is the limiting fluorescence with LDH 
omitted and an excess of GPD. The fractional decrement (of 
fluorescence) is: (117 — Fluorescence)/(117 — 15); [GPD]bouna = 
({DPNH] — fractional decrement), and [LDH]pouna = [DPNH] — 
[GPD] bouna- 
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Fic. 15. The effect of ions on the nucleotide fluorescence of the 

GPD-DPNH complex. The solutions contained 3 mymoles of 

GPD and 9 mymoles of DPNH in 1.0 ml. of 0.1 m Tris acetate, pH 

6.7. Small increments of potassium phosphate and ammonium 

sulfate were made from concentrated solutions adjusted to the 
same pH. 
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Fic. 16. Some effects of ions on the nucleotide fluorescence of 
the LDH(DPNH); complex, 1.67 mumoles per ml., pH 7.1. The 
abscissa is in moles per liter. 


increases as a function of phosphate concentration whereas the 
polarization of the fluorescence remains constant. Phosphate 
has no effect on the fluorescence of free DPNH. From the 
constancy of the polarization value it is concluded that phos- 
phate ions, bound to the protein, alter the nature of the inter- 
action between enzyme and coenzyme without promoting a 
noticeable release of the coenzyme. The experimental points do 
not fall closely on a theoretical curve for a single intrinsic dis- 
sociation constant but it is clear that the average Kpo, is of 
the order of 0.02 m. As the pH is increased the effect of phos- 
phate on the fluorescence of the bound DPNH diminishes and 
is very small at pH 8.5. A group with a protolytic pK near 
neutrality is therefore involved in this effect and one might 
suspect the participation of histidine residues which affect 
the behavior of the coenzyme binding sites. 

The nucleotide fluorescence of the LDH(DPNH); complex is 
enhanced by Tris acetate, Fig. 16, and in contrast to the be- 
havior of the GPD complex it is depressed by both phosphate 
and sulfate. A 30 per cent decrease in fluorescence intensity is 
associated with a 23 per cent decrease in fluorescence polariza- 
tion. If the intensity decrease were the result of a 30 per cent 
dissociation, then, according to Fig. 7, the polarization change 
would only be about 5 per cent. The relation between inten- 
sity and polarization is thus altered by the ionic interactions. 
Although the effects are expressed somewhat differently from 
those on GPD, the ions also alter the nature of the LDH-DPNH 
interaction without promoting appreciable coenzyme release. 
LDH does not distinguish strongly between phosphate and 
sulfate. 


DISCUSSION 


The reactions catalyzed by GPD and LDH may be represented 
as follows: 


O 
I! 
it 
R—C—H + GPD + DPN* — 
(6a) 
oO 
R—C—GPD + DPNH + H*t 
O oO 
1 1 (6b) 


R—C—GPD + HPO,” — R—C—OPO; + GPD 
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OH 
LDH 
R—C—COO- + DPN+ s—— 
H 
(7) 
O 


mg) OO + DPNH + Ht 

In the GPD reaction the primary product of aldehyde oxidation 
is an acyl enzyme derivative. In a second step the acyl group 
is transferred from the intermediate acceptor group on the en- 
zyme to an orthophosphate ion (3, 25). In the LDH reaction 
an a-hydroxy group is oxidized to an a-keto group. The oxi- 
dative steps of the reactions catalyzed by both enzymes are 
reversible transhydrogenations between substrate and coen- 
zyme, but each enzyme activates a different hydrogen atom on 
the number 4 pyridine carbon of DPNH (26). 

Conformation of Bound Coenzyme—The high polarization, the 
spectral shift, and the enhancement of the fluorescence of the 
bound DPNH in the LDH complex arise from a rigid orientation 
of the reduced pyridine ring on the enzyme by bonds which 
raise the energy level of the first electronic excited state. There 
is no corresponding sign of a rigid interaction with the reduced 
pyridine ring in the GPD complex. In fact the polarization 
suggests that the reduced pyridine ring in this complex has 
degrees of freedom which do not occur in the complex with the 
other enzyme. Although GPD may activate the reduced pyri- 
dine ring, binding forces are believed to be strongly directed to- 
ward the adenine and ribose pyrophosphate moieties of the 
coenzyme. This argument may be developed further. 

The reduced pyridine ring has a puckered conformation (23) 
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Fic. 17. Proposed conformations of the nicotinamide riboside 
portion of DPN and DPNH in the enzyme complexes. A is 
DPNH in an extended form. The interaction which produces the 
spectral shift in the LDH complex is discussed in the text. B 
shows the type of conformation change that occurs when the 
DPNH is oxidized and the pyridinium ring assumes the planar 
form. This conformation, or modifications of it produced by rota- 
tions around the N-ribose bond, is assumed to occur in the inac- 
tive GPD-DPN complex. C is DPN interacting with a nucleo- 
phyllice group, thiol, or.sulfite. 
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and in molecular models of the coenzyme the reduced pyridine 
and its attached ribofuranose ring may be made to lie in nearly 
parallel planes, Fig. 17A. When the coenzyme is oxidized, the 
pyridinium ring, now more aromatic in character, is forced out 
of alignment with the ribose by the change in bond angles on 
the ring nitrogen. Since the oxidized and reduced pyridine 
rings pass through the same transition state in the enzymatic 
reaction, they should be similarly oriented in the enzyme com- 
plex. The change in bond angles on oxidation should therefore 
involve conformation adjustments in the rest of the dinucleotide. 
This, and the loss of the specific bond to the reduced pyridine 
ring, may be assumed to be the basis for the weakened affinity of 
LDH for DPN. 

The position of the absorption maximum of DPNH is deter- 
mined by the relative structural contributions of the quinonoid 
form and of the polar form which carries positive and negative 
charges respectively on the ring nitrogen and the carboxyl 
oxygen. Any complex which stabilized the quinonoid form 
would tend to shift the absorption maximum toward shorter 
wavelengths. This would occur if the environment of the re- 


‘duced nicotinamide ring on the binding site were nonpolar and 


would be augmented by hydrogen bond formation to the lone 
pair electrons of the ring nitrogen. The blue shift in the LDH- 
DPNH complex is thus a sign that the quinonoid form is favored 
and supports the above conformation analysis. The effect of 
sulfite ion on the LDH-DPNH complex is also in accord with 
the above views. Sulfite ion at high concentration forms a 
weak complex with free DPN (27). When LDH and DPN are 
present in equivalent concentrations the DPN-sulfite interac- 
tion is greatly strengthened and a ternary LDH-DPN-sulfite 
complex is formed at very low concentrations of sulfite (28). 
This finding is confirmed by fluorometric titration of LDH with 
DPN in the presence of sulfite ions, using the quenching of pro- 
tein fluorescence as the indicator for DPN binding. Under con- 
ditions in which DPN binding would be negligible in the absence 
of sulfite the binding in the presence of sulfite is nearly linear 
with DPN concentration and shows the same stoichiometry that 
is exhibited by LDH and DPNH. The sulfite interaction may 
be considered to produce the conformation shown in Fig. 17 C, 
for which the enzyme has a strong affinity. The formation of 
the resultant ternary complex with the protein drives the sulfite 
equilibrium toward completion. Lactate is bound very weakly 
by the enzyme (20) and it is assumed that the active complex 
involves DPN in a mechanism similar to that exhibited by 
sulfite. This is in essential agreement with the conclusions 
reached by Kaplan et al. (29) concerning the reaction between 
ADH, hydroxyl amine, and DPN. These properties of LDH 
are in strong contrast with the behavior of GPN. 

GDP Coenzyme Complexes—The dissociation constant of the 
GDP-DPNH complex is nearly the same as that for LDH-DPNH 
but there is no spectral shift, the polarization is less, and the 
emission intensity is diminished rather than enhanced. There 
should be no bond between protein and the pyridine ring nitro- 
gen in the GDP complex and the puckered conformation should 
be less pronounced. The low polarization of the fluorescence 
would arise if there were degrees of vibrational and rotational 
freedom at the pyridine to ribose bond but a more likely explana- 
tion is that the electronic transitions are altered by the greater 
contribution of the polar form of the reduced nicotinamide ring. 
It was tacitly assumed in the discussion of Fig. 17 that the 
adenylic acid moiety of the coenzyme was located outside the 
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sphere of catalytic activity and served only an anchoring or 
orienting function. There is evidence, however, that free DPNH 
in aqueous solution occurs in a folded conformation with the 
two nitrogen ring systems forming an inner complex (15). The 
criterion for such a configuration in the DPNH enzyme com- 
plexes would be the persistence of the 260 to 280 my fluores- 
cence activation band of the nucleotide after it had entered the 
complex. In the curves shown in Fig. 4 the fate of this activa- 
tion band is obscured by the overlapping bands of protein to 
DPNH energy transfer. There is some promise, however, that 
an answer to this question can be obtained. The evidence points 
toward the open configuration on LDH. 

There are two types of complex of GPD with DPN. The 
active complex is characterized by the presence of a 365 my 
absorption band (2, 30). The inactive complex, which develops 
when the enzyme is isolated and recrystallized in the absence of 
metal chelating agents and cysteine, has no 365 my absorption 
band. However, both the absorption band and the activity 
are restored when the enzyme is incubated with cysteine. The 
DPN is strongly bound in both cases and it is clear that neither 
the 365 my interaction nor any conformation change associated 
with the oxidation state of the coenzyme have an important 
effect on the net binding energy. 

Since the 365 my absorption band of the active complex is 
dependent upon the state of the thiol groups of the enzyme, 
Racker and Krimsky (30) postulated the formation of a thiol 
DPN bond. This is the simplest hypothesis; however, the pro- 
posed role of bound glutathione as the carrier of the essential 
thiol groups is incorrect. The effect of the thioi DPN interaction 
on GPD, whatever its chemical nature, is greatly different from 
the effect of sulfite on LDH and DPN. Whereas the LDH 
DPN sulfite complex is catalytically inactive, presumably be- 
cause substrate addition is blocked, the thiol DPN interaction 
on GPD is associated with the active state of the enzyme. 
Unlike LDH, the GPD protein binds substrate strongly in the 
absence of coenzyme (24). Conversely the binding of DPN by 
GPD is relatively insensitive to the presence of substrate. More- 
over, the GPD DPN complex gives no spectral sign of an inter- 
action with sulfite ion. From its small effect on the binding 
energy of DPN and in accord with its probable activating rather 
than inhibiting effect, the 365 my interaction is necessarily a 
weak one. If the bound DPN is the actual 365 mu chromophore, 
and in spite of chemical analogies this is not necessarily the case, 
then the conformation of the bound DPN may be formally rep- 
resented by Fig. 17 C, or by a charge transfer interaction in 
which the thiol acts on the plane of the ring (31). The inactive 
complex would be more nearly represented by Fig. 17 B where 
the coenzyme is bound but improperly oriented for reaction with 
substrate. It should be noted that Astrachan et al. (32) have 
found that the inactive GDP-DPN complex is susceptible to 
enzymes which attack DPN whereas the active complex is 
relatively resistent. 

The thiol-DPN interaction plays a role in the phosphorylative 
as well as in the oxidative step catalyzed by GPD. When 
acetyl phosphate was introduced as a model substrate for the 
reverse GPD reaction (33) two effects of DPN and thiol were 
observed. (a) The exchange of inorganic phosphate for the 
anhydride phosphate of acetyl phosphate required bound DPN 
in the presence of cysteine, i.e. the active GDP-DPN complex 
was needed although reversible oxidations and reductions as 
intermediate steps in the exchange seemed to be excluded. 
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Associated with the exchange was a slow hydrolysis of acetyl 
phosphate. (b) The inactive complex, in the absence of cysteine, 
catalyzed a hydrolysis that was much faster than the phosphate 
exchange and this too required bound DPN. Thiol and DPN 
thus together determine whether acetyl phosphate is activated 
for attack by water or by phosphate ions. Attention has been 
focused upon the liklihood of a thio ester intermediate in this 
reaction but Stadtman (34) has pointed out a possible role of 
imidazole in the phosphorylative step. The possibility that 
there are two acyl acceptor sites, thiol and imidazole, and that 
DPN promotes an intramolecular acyl migration between them 
should perhaps be considered. An intramolecular acyl migra- 
tion has recently been proposed for the mechanism of a quite 
different enzyme (35). Such rationalizations of the multiple 
functions of GPD become rather involved. However, they are 
susceptible to experimental approach and it should become 
possible to reopen the discussion of the mechanism of the oxida- 
tive phosphorylation in more definite and better documented 
terms. 

Energy Transfer from Protein to Bound Coenzyme—A feature 
of the fluorescence of bound DPNH is the excitation of nucleo- 
tide fluorescence by light absorbed in the aromatic amino acid 
side chains of the protein. This process may occur by the so 
called resonance energy interaction in the electronic excited 
state. An energy transfer of this type is essentially coulombic 
in nature and does not require direct contact or an atomic bridge 
between the interacting groups. According to Férster (36), the 
distance, Ro, between interacting groups at which an excited 
electron may transfer its excitation energy or, with equal prob- 
ability, fall to the ground state with the emission of light, is a 
function of the lifetime of the excited state, mutual orientation, 
and the degree of overlap of the absorption and emission bands. 
Recently Karremen et al. (37) calculated from Férster’s theory 
that energy transfer should occur between tryptophan and 
DPNH with an Rp value of 25 A. The present work provides 
the first experimental evidence that a tryptophan to DPNH 
energy transfer does indeed occur. If the calculated Ro value is 
correct, and it seems too large, most of the 28 tryptophan residues 
of LDH and the 14 tryptophan residues of GPD are within 
effective interaction distance of the bound coenzyme. Although 
there is a superficial correlation, it is not true that the higher 
transfer efficiency of LDH is a necessary consequence of its 
higher tryptophan concentration. In experiments which will 
not be presented in detail, ADH has been found to exhibit a 
transfer activation band for bound DPNH that is comparable 
in magnitude with that of LDH; yet the tryptophan content of 
ADH is considerably lower than that of both LDH and GPD. 
It is thus not the bulk concentration of tryptophan that is of 
primary importance but the distribution and orientation of the 
tryptophan residues with respect to the DPNH binding sites. 

Associated with the excitation of DPNH fluorescence by 
energy transfer from the tryptophan of the protein is a diminu- 
tion of the tryptophan luminescence that was utilized in several 
of the titrations described in this report. The quantum yield 
of DPNH fluorescence is about 2 per cent (15) and if one assumes 
that this is independent of the mechanism of excitation then the 
number of quanta lost by the excited tryptophan to the DPNH 
should be about 50 times the number appearing in the nucleotide 
emission. The fluorescence quenching is at least of this order 
of magnitude and one is tempted to say that the bulk of the 
energy lost by the tryptophan in the quenching effect is trans- 
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ferred to the DPNH and dissipated thermally by the nucleotide. 
A difficulty arises, however, when one considers that the quench- 
ing also occurs with DPN. Not only does DPN not fluoresce 
but its absorption band is considerably lower than the absorp- 
tion and emission bands of tryptophan. It is not clear how 
resonance energy transfer could account for this quenching nor 
is it likely that the bound DPN could be in direct contact with 
enough of the aromatic amino acid side chains to account for the 
effect. A protein conformation change resulting from coenzyme 
binding could produce the observed results and such a change was 
indeed observed in the CMB addition compounds. However, 
under the experimental conditions no similar effects were mani- 
fested in the dissociation constants when coenzyme binding was 
studied in the absence of CMB. A more specific approach to 
this problem is suggested by the observation that no depolarizing 
interactions were observed in the fluorescence of the tryptophan 
of the proteins. The tryptophan residues in a single molecule, 
28 in LDH and 14 in GPD, are close enough for strong resonance 
interaction. If such interaction occurred, depolarization would 
most certainly be observed unless the interacting indole rings 
were all oriented on parallel planes. Parallel orientation is a 
distinct structural possibility and the present results make it a 
likely one. Conformation changes which affected the parallel 
orientation of interacting indole side chains would be detected 
by a depolarization of the protein fluorescence but no such 
depolarization has been observed as a function of coenzyme 
binding. The location of a coenzyme binding site at or near the 
top or bottom of a tryptophan “stack” might lead to special 
transfer effects. A critical evaluation of these phenomena and 
of some others discussed in the present communication requires 
& more extended experimental analysis and this is now being 
undertaken. 


SUMMARY 


1. Changes in the fluorescence of protein and coenzyme have 
been utilized in determining the stoichiometry and dissociation 
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constants of the complexes of reduced (DPNH) and oxidized 
(DPN) diphosphopyridine nucleotide with glyceraldehyde-3- 
phosphate dehydrogenase (GPD) and lactic dehydrogenase 
(LDH). 

2. The competitive equilibrium of DPN and DPNH with GPD 
has been measured by observing changes in the fluorescence 
polarization and fluorescence intensity of DPNH in titrations of 
the GPD(DPNH); complex with DPN. 

3. Titrations of the GPD-DPN and GPD-DPNH complexes 
with p-chloromercuribenzoate (CMB) have been followed 
fluorometrically. The release of bound coenzyme by CMB 
involves conformation changes in the protein. The coenzyme 
complexes of LDH are not dissociated by the action of CMB. 

4. The LDH-DPNH and the GPD-DPNH complexes may 
be distinguished from each other fluorometrically in mixtures. 
The competitive equilibrium of the two proteins for DPNH has 
been measured. 

5. The binding of orthophosphate ions by GPD alters the 
nature of the GPD-DPNH interaction, as expressed by the 
nucleotide fluorescence, without promoting release of the bound 
coenzyme. There is a pH effect in the region of an imidazole pK. 

6. Bound DPNH in complexes with LDH and GPD may be 
activated to fluoresce by the transfer of energy from the excited 
aromatic amino acid residues of the proteins. 

7. The absorption and fluorescence spectra and the fluores- 
cence polarization of the GPD and LDH coenzyme complexes 
have been interpreted in terms of the conformation and activa- 
tion of the bound nucleotide. 
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In a recent paper in which the control of activity of the L- 
glutamate dehydrogenase system was studied from the point 
of view of the action of several different categories of inhibitors, 
we developed for this system certain of the criteria underlying 
the structural requirements for substrate competition (1). 
Stereochemical considerations permitted the prediction that 
such agents as isophthalate, m-halogeno- and m-nitrobenzoates 
as well as glutarate and a-ketoglutarate, but not 0- or p-substi- 
tuted benzoates, might function as reversibly competitive 
inhibitors; unequivocal observations of such effects were realized. 
The data implicated as enzyme-binding sites for the substrate 
and for strictly competitive inhibitors, critically positioned 
cationic centers on the enzyme surface approximately 7.5 A 
apart. The enzyme-substrate, or enzyme-inhibitor, relationship 
thus appeared in part to include two essentially ionic linkages 
involving these cationic centers and the appropriate negatively 
charged groupings of the addendum.! 

The investigation described in this paper continues the study 
of the substrate-enzyme relationship and mechanism, with 
emphasis upon the role of the essential sulfhydryl groups of the 
enzyme-protein. In another sense, the investigation continues 
the series of observations on sulfhydryl-enzymes initiated in 
these laboratories some years ago.2 Both calf liver GAD®* and 
the highly homogeneous, crystalline chicken liver enzyme of 
Snoke (5) have been the subjects of rather intensive study. 
The observations have revealed certain similarities and also 
differences in the characteristics of these enzymes from widely 
differing species. In the first place, it seemed rather remarkable 
that the catalytically essential sulfhydryl groups of the bovine 
dehydrogenase were found, similarly to those previously demon- 
strated in the plant hydrolytic enzyme, urease, to comprise both 
of the two classes previously denoted as a and b groupings (2). 
In contrast, the chicken liver enzyme was found to possess no 


* This investigation was supported by Research Grants No. 
CY-3186 and No. CY-392 from the National Cancer Institute, Na- 
tional Institutes of Health, United States Public Health Service. 
The paper (1) entitled ‘‘L-Glutamic Acid Dehydrogenase: Struc- 
tural Requirements for Substrate Inhibition: Effect of Thy- 
roxine,’’ is considered to be Paper I of this series. 

7 Henry Strong Denison Scholar, 1955 to 1957. 

t With the assistance of Carolyn E. Bossle, Paul J. Geiger, and 
Joseph J. Kopec. 

1 One of the carboxylate ions may be replaceable with the nega- 
tive component of a dipolar substituent (1). 

2 For references to these investigations, see Hellerman, Chinard, 
and Deitz (2), Chinard and Hellerman (3), and Frisell and Heller- 
man (4). 

3 The abbreviations used are: GAD, glutamic acid dehydrogen- 
ase: Tris, tris(hydroxymethyl)aminomethane. 


a groupings; inactivation begins immediately upon the addition 
of silver ion to the enzyme, which, indeed, is decidedly more 
sensitive to traces of heavy metal ions than the bovine counter- 
part. Of great interest were observations that both these 
enzyme-proteins were less susceptible to mercaptide inactivation 
by mercurial reagents than urease and certain other enzymes 
studied in this laboratory and elsewhere. This characteristic 
of GAD permitted the observation of an entirely new effect of 
certain organic mercury compounds, involving a highly effective 
facilitation of catalytic activity in the present instance. Such 
effects are still under investigation. The current observations 
with sulfhydryl-enzymes suggest new concepts regarding the 
role of essential sulfhydryl groups of certain enzymes that will 
be touched upon briefly in the discussion. 


EXPERIMENTAL 


Preparation of Enzymes—Calf liver GAD was prepared by the 
procedure recommended by Strecker (6). The enzyme was 
recrystallized twice; there resulted enzyme-protein of apparent 
purity, 75 to 85 per cent (6). For some of the experimeuts the 
preparation of Olson and Anfinsen (7) was used. 

Chicken liver GAD was prepared as described by Snoke (5). 
The protein, recrystallized four to six times, possessed the 
recorded activity (5) and appeared to be homogeneous when 
examined in the Spinco model E ultracentrifuge under the 
conditions outlined below. Glass-distilled water was used 
throughout. 

Analytical Procedures—Assays were performed in 3-ml. Corex 
l-cm. cuvettes with a Beckman model DU spectrophotometer, 
which was coupled through a No. 5800 energy recording adapter 
(ERA, Beckman) to a Brown recorder (Minneapolis-Honeywell). 
The reaction rate was evaluated in terms of the linear increase 
in optical density at 340 my during the initial 30 seconds. 
When the reverse, reductive process (formation of glutamate) 
was observed, the decrease in optical density of DPNH likewise 
was followed during 30 seconds. All assays were carried out at 
23°. Enzyme preparations in 0.1 mM sodium phosphate, pH 7.4, 
were stored at 0° for periods of several months. A typical 
reaction mixture was prepared as follows. To a mixture of 0.5 
ml. of sodium phosphate buffer, pH 7.7, and 0.1 ml. of ‘L-gluta- 
mate, 0.2 M, pH 7.8, was added 0.1 ml. of the appropriate enzyme 
solution; sufficient water was added to bring the volume to 2.7 ml., 
after which the reaction was started by the addition of 0.3 ml. 
of DPN solution, 0.006 m. Any alterations in the procedure 
will be indicated later. Reagents such as Ag+ or mercury com- 
pounds were added after the addition of the enzyme, and the 
mixture usually was allowed to stand for 2 minutes. When the 
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formation of glutamate was observed in the reverse process, the 
procedure given in Paper I of this series (1) was followed. In 
this more rapid process a lower enzyme concentration was 
selected to provide a convenient rate for assay. 

Protein Determination—Solutions of crystallized enzymes 
were examined spectrophotometrically at 280 my (7), and bovine 
preparations were assayed also by a biuret method. Assays 
were controlled by means of the Kjeldahl procedure. 

Amperometric Titrations—These titrations for protein thiol 
content were performed by the method of Kolthoff and Harris 
(8), as adapted to the determination of cysteine, GSH, and 
protein sulfhydryl by Benesch and Benesch (9) and by Weissman 
et al. (10). The final concentration of NH,NO; in the titration 
vessel was 0.01 m. The analytical procedure was standardized 
with the use of GSH, which in turn was analyzed by the o- 
iodosobenzoate procedure (11, 3). 

Denaturation Procedure—The dehydrogenases were subjected 
to denaturation with guanidine hydrochloride (guanidinium 
chloride) by the procedure used previously in this laboratory (2). 
For example, a solution of 5.88 mg. of GAD in 2 ml. of sodium 
phosphate, 0.1 mM, pH 7.05, was deaerated with nitrogen, and 1.2 
gm. of guanidine hydrochloride (H. M. Chemical Company; 
salt recrystallized from 80 per cent ethanol) was added. This 
dissolved to give a 6 M solution during slight warming of the 


TaBLe [ 
Inactivation of GAD by titration with silver ion 


For experimental details and evaluation, see the text and Figs. 
1 and 2. 














| | | Silver ion Exe; 

GAD* | Buffert | pH a — 

| | Equivalents X 10") fraction§ 

us. | a | a+b gm. 
Beef liver | | 
Geni teat eRe 21.3| P, | 7.6 | 7.7 | 16.6 | 25,600 
bs ae 16.0 | P; | 7.7 | 5.8 | 13.2 | 24,200 
_ anes 16.0} Ps | 7.7 | 5.1 | 11.6 | 27,600 
Dit csvncanecge | 16.0) Ps | 7.7 | — | 13.2 | 24,200 
Bien stecwwnel 21.3; Ps | 7.7 | 6.4 | 16.2 | 26,200 
Deu hdarinla 16.0; Ps | 7.7 | 5.0 | 13.8 | 23,200 
Chicken liver | | | 

fs eh Made 10.6| Ps | 7.6 10.5 | 10,100 
tlle 10.6| Pi | 7.6 | 11.5 | 9,200 
 ebasertohe apa 9.5| P; | 7.7 | 10.7 | 8,900 
AS Ns ie tin 300.0| Pi | 7.7 | | 330. | 11,800 
EO es eT 6.5| PP | 8.25 | 7.6} 8,600 
BB: esvosy. Fk 6.5| PP | 8.25 7.0 | 9,300 
Rie.ccak 6.5} P: | 7.7 | 7.0} 9,300 
Weersvu. sek 10.6| Ps | 7.7 | 11.0} 9,700 
Se OR ere 6.5| Ps | 7.7 | 7.6) 8,600 








* A, enzyme, Ag*, and buffer incubated for 2 minutes at 23°; 
DPN plus glutamate added. B, enzyme, Ag*, buffer and sub- 
strate incubated for 2 minutes at 23°; DPN added. C, enzyme, 
390 ug., and Ag* in 3 ml. of buffer incubated for 3 minutes at 23°, 
and then diluted with buffer to 25 ml. 2.7-ml. aliquots were 
transferred to cuvettes; glutamate and DPN added. 

+t The P; sodium phosphate was 0.133 m; P, sodium phosphate, 
0.066 m; P; sodium phosphate, 0.025 m; PP sodium pyrophosphate, 
0.033 Mm. 

t Silver acetate was used; for all other estimations, AgNO3. 

§ See text. 
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mixture, which next was allowed to stand at 23° for 45 minutes 
under nitrogen; 2 ml. of m phosphate buffer, pH 7.05, and then 
1.00 ml. of 0.002 N o-iodosobenzoate were added, and, after 5 
minutes an excess of Nal acidified with m H»SO, was added; 
the liberated iodine was titrated immediately with standard 
thiosulfate. 

Additional Methods and Materials—These will be referred to 
briefly in the next section. 


Discussion of Results 


Effect of Ag* upon Activity of Calf Liver GAD—In a consecu- 
tive series of observations, the effect of silver ion upon the GAD 
activity was determined with increasing amounts of silver 
nitrate or silver acetate (Table I). A plot of enzyme activity 
with respect to added metal ion revealed a two-step process 
(Fig. 1). Of the total amount of Ag* indicated by extrapolation 
to be necessary for complete inhibition, the initial addition of 
approximately one-half produced a seemingly negligible degree 
of inhibition; the addition of the second half induced a practically 
linear inactivation. This phenomenon is reminiscent of the 
behavior of urease with p-chloromercuribenzoate (2). It will 
be recalled that of the 2 molecular equivalents of this mercury 
compound required for inactivation of approximately 21,000 gm. 
of urease, the addition of the Ist equivalent did not affect the 
enzymatic activity. If the enzyme sulfhydryl groups corre- 
sponding to this fraction (designated for convenience as a groups) 
were first removed by oxidation with porphyrindine (12) or 
iodosobenzoate, or by treatment with iodoacetamide, only 1 
equivalent of the mercury compound was required for inactiva- 





PER CENT ACTIVITY 





+10 ‘ ‘ 
5 Ne 10 15 ‘_ 
EQUIVALENTS OF Agx 10” 


Fig. 1. Calf liver GAD: illustration of a titration with silver 
ion. See the text and Table I. Sodium phosphate, 0.066 m, pH 
7.7; Lu-glutamate, 0.027 m; DPN, 2 X 10-* M; enzyme, 21.3 ug. in 
3.0 ml. The enzyme was incubated in buffer with Ag* for 2 min- 
utes, then substrate and DPN were added; temperature, 23°. 
Where both phenylmercuric acetate and Ag* were added, the 
mercury compound was first incubated with enzyme for 2 minutes, 
after which Ag* was added. @ @, Ag* ion only added; 
O——O, addition of Ag* after phenyl mercuric acetate. 
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tion, presumably by mercaptide combination of the so called 6 
sulfhydryl fraction. Accordingly, the bovine liver GAD, al- 
though an oxidative enzyme, displays certain characteristics 
with respect to metallo-inactivation resembling closely the com- 


TaBLeE II 
Effect of various reagents 























; Ag* required | ‘vista. | Agt added after initial 
GAD MB j Reagentt added initially addition 
ue. we x equivalents X 10 a —— | yg 
Calf liver 

21.3 16.4 ClHgBz, 30 8 

21.3 16.4 ClHgBz, 90 15 3 38 
6 53 

21.3 16.4 ClHgBz, 300 23 2 50 

21.3 16.4 ClHgBz, 600 47 6 99t 

16.0 13.2 PhHgAc,§ 16 0 2 43 
8 100 

16.0 13.2 PhHgAc, 36 4 2 53 

16.0 13.2 PhHgAc, 180 17 6 7 

16.0 13.2 PhHgAc, 600 45 3 | 76 

16.0 13.2 MeHgBr,{ 6 12 3 21 

16.0 13.2 MeHgBr, 60 0 5 13 

16.0 13.2 MeHgBr, 400 19 

21.3 16.4 0-10, 50 s 2 | 18 
+ 24 

21.3 16.4 o-IO, 1000 8 4 30 
8 74 

21.3 16.4 p-IO, 30 0 4 20 
6 40 

21.3 16.4 p-I0, 60 8 

21.3 16.4 IU, 500 a} 4 25 
8 54 

21.3 16.4 HgBr: 50 30 

21.3 16.4 HgBr:,|| 100 55 

21.3 16.4 HgBr;,|| 150 88 

Chicken 

liver 

10.6 12.2 PhHgAc, 9 10 4 47 

10.6 12.2 PhHgAc, 60 52 6.0 85 

10.6 12.2 ClHgBz, 60 8 1.0 41** 
2.0 50 
6.0 86 

10.6 12.2 ClHgBz,t 120 23 4.0 77 

10.6 12.2 MeHgBr, 60 0 

10.6 12.2 o-I0O, 9 8 

10.6 12.2 | p-I0, 60 15 

10.6 12.2 HgBr2, 40 17 

10.6 | 12.2 HgBrz, 120 80 | 








* Equivalent to —SH for chicken liver GAD; to a + b for calf 
liver GAD. 

t Abbreviations: Cl-Hg-Bz, p-chloromercuribenzoate ; PhHgAc, 
phenylmercuric acetate; MeHgBr, methylmercuric bromide; 
o-IO, 0-iodosobenzoate; p-I0, p-iodosobenzoate; IU, iodoacetyl- 
urea. 

t Addition of excess cysteine after ClHgBz, no reversal; after 
ClHgBz and Ag*, 44 per cent activity recovered. 

§ See also Fig. 1 and the text. 

Enhancing effect may be superimposed (See Table VI). 

|| Recovery of activity after addition of cysteine, 33 to 42 per 
cent. 

** “Zipper effect,’’ see the text. 
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parable behavior of the hydrolytic enzyme, urease. 2 equiv- 
alents of “essential” —SH are present in approximately 25,000 
gm. of GAD. However, there are important differences now to 
be discussed. 

Unlike urease, and a number of other enzymes possessing 
sulfhydryl character, GAD is found to display but little sensi- 
tivity to p-chloromercuribenzoate except at high levels of this 
agent (Table II). Methylmercuric bromide,’ at levels near 
stoichiometric, is similarly inert. However, the more reactive, 
“available” a groups are somewhat more readily attacked by 
phenylmercuric acetate when the latter compound is used at 
levels closer to the stoichiometric, i.e. equivalent to 2 to 3 times 
the a fraction (Table II). After the addition of an excess of the 
acetate, Ag+, equivalent only to the b (= a) fraction, is required 
for complete inactivation (Fig. 1). Again in contrast to pre- 
vious experience with urease (2), the GAD a groups are relatively 
insensitive to the action of the oxidizing reagent, o-iodoso- 
benzoate, or to an alkylating agent such as iodoacetylurea 
(Table II). The powerful oxidizer, p-iodosobenzoate (13, 14), 
may have some increased effect upon the a fraction. 

The aforementioned differences in aggressiveness among the 
mercurials may be attributed in part to the lesser degree of 
ionization of the organomercuric halides as compared with 
phenylmercuric acetate under the conditions, owing to the more 
covalent character of their mercury-halide linkages. A factor 
of additional importance may be concerned with the steric 
resistance in the GAD enzyme-proteins with respect to attack 
by the organomercuric salts, especially upon the 6 sulfhydry] 
fraction. It should be stated in this connection that HgBr. has 
been found at pH 7.7 to inactivate slowly the glutamate dehydro- 
genases, and that this effect is reversible in part with cysteine 


‘The sensitivity of beef liver GAD with respect to p-chloro- 
mercuribenzoate, silver ion, and 0-iodosobenzoate was examined 
by Olson and Anfinsen (7b). Their findings with these reagents 
were qualitatively similar to those reported in this section. 

Earlier investigators (6, 7) have reported the occasional isola- 
tion of crystalline preparations of bovine liver GAD with activity 
approaching twice the value for the preparations used here. In 
preliminary trials we chromatographed crude GAD with the use 
of a commercial diethylaminoethyl cellulose preparation, obtain- 
ing a fraction that possessed an activity comparable with the 
highest reported. In this preparation, the relationship of a and 
b sulfhydryl fractions, as determined by titration with Ag*, was 
somewhat distorted; but the over-all stoichiometry among the 
categories of sulfhydryl groupings, as developed by the methods 
referred to below, i.e. amperometry and oxidimetry with the use 
of o-iodosobenzoate, did not differ appreciably from the compara- 
ble results obtained with our crystalline preparations. Such ob- 
servations emphasize the need for further intensive study of the 
relationships among the categories of sulfhydryl groups in the 
molecules of certain enzyme-proteins, particularly with respect to 
possible interconversions of such categories when purification is 
attempted. 

5 We are indebted to Dr. Walter L. Hughes for a sample of pure 
methylmercuric bromide, and to Dr. John Wein of this laboratory 
for the preparation of a second sample, completely freed from 
traces of mercuric bromide by sublimation in a vacuum. 

6 It is not to be assumed that the organomercuric salts, R-Hg-X, 
are rapidly dissociated in all aqueous environments to give the 
R-Hg* ion. Complexing buffers such as pyrophosphate may 
cause rather rapid replacement of the anionic component (4). In 
general, however, the mercury-halide bond in a compound, R- 
Hg-Br or R-Hg-Cl, may be considered to possess more covalent 
character than the corresponding bond in an acetoxy compound 
such as phenylmercuric acetate, which is more immediately ioniz- 
able. In addition, methylmercuric bromide is extractable as such 
with organic solvents from an aqueous solution. 
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(Table Il). The apparent advantage of HgBr. over CH;—Hg— 
Br in this regard is not too surprising in view of the differing 
structural and even polar characters of these molecules.’ 

Reactivation—Back titration of metallo-inactivated bovine 
liver GAD with reagents that remove the metal partially restores 
enzymatic activity. GAD, brought by treatment with Ag* 
to 60 per cent of its original activity, is restored essentially to 
full activity by the addition of 2-thioethanol, cysteine, and KCN. 
More completely inhibited enzyme is reactivated to a lesser 
extent. Apparently the restoration here of effective b groupings 
is sterically difficult. This is entirely consistent with the ob- 
served relative inaccessibility of these same groups to the initial 
action of the more bulky and sluggishly reacting mercaptide- 
forming mercurial reagents. In addition, the inactivation of 
GAD with meta] ions and organic derivatives may include an 
irreversible component. 

Effect of Ag* upon Activity of Chicken Liver GAD—In view of 
the many similarities in the behavior of the chicken liver and 
bovine liver glutamate dehydrogenases,’ it was surprising to 
observe a marked difference in these two enzymes with respect 
to the sulfhydryl picture. Addition of Ag* ion to solutions of 
chicken liver GAD initiated linear inactivation without any 
preliminary static phase (Fig. 2). The data indicated but 1 
residue weight of sulfhydryl for approximately 9500 gm. of 
enzyme. A so-called a fraction is lacking. It is interesting in 
this connection that, unlike the bovine liver enzyme which 
possess an a fraction, the chicken liver enzyme is extraordinarily 
sensitive to traces of metal ion, e.g. in ordinary distilled water. 

Neither phenylmercuric acetate nor p-chloromercuribenzoate 
in the lower concentrations exhibits any immediate effect with 
this enzyme (Table II). However, the addition of p-chloro- 
mercuribenzoate in some excess (5 equivalents with respect to 
the sulfhydryl fraction) after antecedent treatment of the enzyme 
with as little as 0.10 equivalent of Ag*, results in a 50 per cent 
inactivation. This has been designated a “zipper effect’’; the 
virtual exposure of potentially susceptible groupings in the 
chicken dehydrogenase by the addition of a trace of Ag* appears 
to facilitate attack by the more bulky and less reactive mercurial 
reagent. 

Reactivation—The activity of chicken liver GAD, that had 
been inhibited with Ag* to the extent of 45 per cent, was restored 
by the addition of 2-thioethanol or cysteine to 95 per cent, and 
by KCN to 80 per cent of the initial activity. As was observed 
also with the bovine enzyme, chicken liver GAD was less ame- 
nable to reactivating processes when the initial degree of inactiva- 
tion was more extensive. 

When either enzyme was treated with Ag*, extensive dilution 


7The apparent relative unreactivity or lack of ‘‘availability”’ 
(12) of the sulfhydryl group of chicken liver GAD referred to be- 
low, of the b grouping of urease, or of beef-liver GAD, and of the 
corresponding thiol groups of one or two other enzymes carefully 
described by others, is most probably related in part to the sup- 
pression of such groups through their interaction with suitable 
substituents within the proteins concerned. There are several 
possibilities including hydrogen bonding; Dr. E. L. Smith has in- 
formed us (personal communication) that he finds evidence that 
such an intraprotein linkage in papain may be thiol ester in char- 
acter. Whatever the nature of the linkages, it seems apparent 
that the essential thiol groups are released in the presence of the 
appropriate substrates, and possibly coenzymes where these are 
required, appearing as “participants” in the several catalytic 
mechanisms concerned (see ‘‘Discussion”’ section). 

8 See Snoke (5) and later discussion. 
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Fig. 2. Chicken liver GAD: illustration of titration with silver 
ion. See the text and Table I. Sodium phosphate, 0.025 m, pH 
7.7; L-glutamate, 0.027 m; DPN, 6 X 10-* M; enzyme, 10.6 yg. 
GAD, buffer, and substrate were incubated with Ag* for 2 min- 
utes; reaction started by addition of DPN; temperature, 23°. 


with appropriate buffers did not alter the extent of inhibition. 
For example, a test of chicken GAD activity indicated an initial 
change in optical density (O.D.), at 340 my, of 132 units per 
minute; after the addition of 5 volumes of buffer-substrate 
mixture, assay of the diluted reaction mixture indicated A O.D., 
21.2; equivalent to 127.2 at the original concentration. When 
the initial mixture was treated with Ag* to give 85 per cent 
inhibition, A O.D. was 19; after dilution with 5 volumes of 
buffer-substrate, A O.D. was 4; total equivalent, 24. Similar 
results were obtained with bovine GAD. 

Amperometric Estimation of —SH Groups—The direct electro- 
chemical estimation of the GAD sulfhydryl groups provided 
highly satisfactory confirmation of the stoichiometry developed 
in the procedures of inactivation (Table I), and afforded evidence 
that the protein entities attacked by Ag* as described in the 
foregoing discussion were indeed sulfhydryl groups. 

The data of Table III indicate for calf liver GAD an apparent 
equivalent weight of 24,500, comparable to the equivalent 
weight (= a plus 6) of roughly 25,000 indicated in the inactiva- 
tion studies. Similarly, for the chicken liver enzyme, the 
apparent equivalent weight is of the same magnitude, as was 
provided by extrapolation of the curve for its inhibition (10,300). 
It is of particular interest that under the conditions of the 
amperometric determinations (CH,OH, NH,NO;, NH;), which 
may be considered to provide an environment favorable to slight 
denaturation of proteins, the titration with silver ions proceeded 
only to the extent that the a and 6b sulfhydryl fractions were 
involved. It will be shown later that drastic denaturation of 
the calf liver GAD with guanidinium chloride permits the deter- 
mination of an additional group. However, the less severe 
conditions for the amperometric work apparently do modify the 
protein surfaces sufficiently to permit an increased susceptibility 
to the action of certain mercurial reagents. Thus, the data 
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of Table IV show that the addition to reaction mixtures con- 
taining calf liver GAD, before titration with Ag+, of a quantity 
of methylmercuric bromide calculated to interact with 91 per 
cent of the total —SH groups (a plus b) actually had bound 82 
per cent of the total. Likewise, phenylmercuric acetate was 
found to have interacted almost stoichiometrically with a plus 


Tas_e III 
Equivalent weights of GAD by amperometric titration 














| es equiva- 
Source of GAD Enzyme used* —SH t weight/ 
| —SH equivalentt 
Bs. yeg.t | 
Chicken liver | 
Preparation I 10,600 1.02 10,400 
10,600 1.04 10,200 
Preparation II 4,050 0.40 10,200 
Calf liver 2,940 0.238 12,400 
2,940 0.239 12,300 
2,940 0.244 | 12,100 





* The chicken liver enzyme possessed the maximal reported 
activity; calf liver enzyme, 80 per cent ‘‘pure.’’ See the text. 

tT Average apparent equivalent weight of chicken liver GAD 
taken as 10,300, which agrees with equivalent weights determined 
by Agt* inactivation (Table I). Residue weight for calf liver 
enzyme taken as 2 X 12,250 or 24,500 (See Table I and Fig. 1). 

¢ 1 ml. of 0.001 m AgNO; = 1 micromolecular equivalent —SH. 


TaBLe IV 
Amperometric titration with Ag* after addition of organomercuric 
salts 
Calf liver GAD; microequivalents of Ag* (= —SH) for all 
controls, 0.33. 























. Ag* calculated —SH 
Mercuric salt added os required —_ by 
aa aie | | 
pmole weg. | ueq. % 
Methylmercuric bromide | 0.30 | 0.03 0.06 82 
Phenylmercuric acetate 0.24 | 0.09 | 0.11 67 
p-Chloromercuribenzo- 0.15 | 0.18 | 0.21 36 
ate 0.24 | 0.09 0.20 39 
0.30 | 0.03 | 0.17 48 
2.50 | 0.0 0.0 100 
TABLE V 


o-Iodosobenzoate estimation of GAD sulfhydryl groups after 
denaturation with guanidinium chloride 























0.0019 | 9.99537 x 
o-iodosoben- —SH 
_— pon | thiosulfate | 
| 
nt | pt | Nn | D | N 
mg. ml. ml. ml. mt | nar 
Chicken liver 8.10 | 1.01 | 1.00 | 0.359) 0. 203, 0.00 | 1.14 
8.10 | 1.01 | 1.00 | 0.372) 0.219' 0.00 | 1.00 
Calf liver 5.88 | 1.01 | 1.00 | 0.353) 0.224) 0.00 | 3.17 
5.88 | 1.01 | 1.00 | 0.368) 0.222, 0.00 | 3.21 
| | 








* “Subunit” taken as 10,300 for chicken liver GAD; 24,500 for 
calf liver GAD. (See Table III). 
1 N, native, crystallized enzyme; D, denatured enzyme. 
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b groups, but p-chloromercuribenzoate was less effective. These 
data appeared to lend impressive support to the interpretations 
presented in the foregoing, pointing to the validity of the assump- 
tion that the observations recorded in an earlier section con- 
cerning the correlation of enzymatic activity with Ag+ “‘titra- 
tion” involved in fact the binding of critical protein sulfhydryl 
groups. 

Denaturation Studies with Guanidinium Chloride—The data of 
Table V confirm that the powerful oxidizing agent, 0-iodoso- 
benzoate® does not readily attack the oxidizable groups of the 
crystallized, active glutamic dehydrogenases. However, after 
drastic chemical denaturation of the chicken liver enzyme with 
guanidinium chloride, there is estimated by titration with the 
iodosobenzoate but one apparent sulfhydryl group per 10,300 gm. 
of protein (Table V). It was thus surprising to learn that this 
enzyme-protein contains no sulfhydry] in addition to the grouping 
determinable by the two different procedures already described. 
On the other hand, the agreement among the three different 
methods was gratifying. 

Guanidine hydrochloride, purified for the removal of traces of 
reducing impurities, had been used by Greenstein and Jenrette 
(15) for the denaturation of ovalbumin and other proteins, 
preliminary to the titration of total sulfhydryl with porphyrindine. 
Hellerman e¢ al. (2) subsequently titrated such groupings in 
denatured urease and in albumin, both with porphyrindine (12) 
and with the more readily available reagent, o-iodosobenzoate. 
Results with these two reagents agreed satisfactorily, indicating 
a total of 4 or 5 —SH equivalents per mole of ovalbumin or per 
subunit (21,000 gm.) of urease. When the denaturing procedure 
was extended here to calf liver GAD, it was found (Table V) 
that the subunit of 24,500 carries 1 equivalent of sulfhydryl in 
addition to the a and b equivalents. Thus, there may be esti- 
mated a total of 3 —SH equivalents per 24,500 gm. of the bovine 
GAD of which 2 are more directly related to the catalytic func- 
tion. 

Attempted Estimation of Enzyme Sulfhydryl Groups by Spectro- 
photometric Titration with p-Chloromercuribenzoate—Among the 
organometallic reagents originally found most useful in this 
laboratory in certain enzyme studies, p-chloromercuribenzoic 
acid (12, 2) appeared to offer special advantages because of the 
availability of its use as a soluble salt in standard solutions. 
This reagent recently was adapted to the spectrophotometric 
estimation of sulfhydryl groups by Boyer (16). We find, in 
agreement with the enzymatic assay data presented earlier, 
that the spectrophotometric method as applied to the crystallized 
GAD of chicken or bovine liver in a solution of phosphate at 
pH 7 indicates little or no mercaptide combination." However, 
in preliminary trials at pH 4.6 in acetate buffer (16), there are 
estimated sulfhydryl fractions approximately in accord with 
the results of our amperometric data. Reaction is slow in the 
case of the chickenenzyme. Inasmuch as mercaptide formation 
in the spectrophotometric method is accompanied by a charac- 
teristic absorption band (16), the latter observations provide 
additional evidence that sulfhydryl groups are present at the 
levels indicated by various independent methods used in this 
work. 


9 See above; for the experimental conditions, see ‘‘Denaturation 
Procedure”’ section. 

10 Determination of the amino acid content and sequence would 
be of obvious collateral interest. 

11 Compare Wallenfels, Sund, and Diekmann (17). 
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Tas.e VI 
Facilitation of enzymatic catalysis 








| 


\Methylmercuric wasegtpapensic } 




















GAD* bromidet | aceteset Buffert Activity§ 
umole X 104 | pmole X 108 | o 
in 3 ml. | in 3 ml. 40 
Calf liver 3 : 100 
B. | | PP 130 
909 | | PP 224 
180 ee 232 
300) | PP 231 
90 | PP 125 
135 PP 118 
90 T 145 
180 | ‘ee. 164 
300], | T 177 
| 9 | T 91 
ie aie Obs 66 
| 60 P; 100 
| Rds ole: hy alll 
600 =| OP; 55 
60 P; 100 
Chicken liver 3 PP 113 
6 PP | 137 
15 PP 178 
30 PP 168, 191 
90 PP 244, 291 
150** PP 238 
180 PP 300 
240 PP | 351 
300tt PP | 331, 263 
S.4 +08 
190 | PP | 205 
150 PP, | 244 
600 PP; | 266 
30 T 122 
180 T | 176 
300tt ss 180 
135 T 111 
zs | T 108 
R, 1.06 yg. * PP 195 
R, 1.06 ug. 30 | PP 247 
R, 1.06 ug. 9 | | PP 380 
R, 1.06 ug. 180 | PP 448 
R, 1.06 ug. 240 | | Pe. i 
R, 1.06 ug. 300 | PP | 807 
R, 1.06 ug. 15 | Pp, 165 
R, 1.06 ug. 9 | | p, | 257 
R, 1.06 ug. 240 wa ake 
R, 1.06 ug. 300 P; | 420 
: | 











* Unless otherwise specified, data refer to the forward process 
(L-glutamate, DPN) and calf liver GAD, 21.3 yg. or chicken liver 
GAD, 10.6 wg. R, denotes reverse process (a-ketoglutarate, 
NH;-NH,*, DPNH). In each case, the mercury compound was 
allowed to stand at 23° with enzyme, substrate, and buffer for 6 
minutes before assay. 

Tt Equivalence to —SH groups: chicken liver GAD (10.6 yg.), 
12 X 10~* umole per 3 ml.; calf liver GAD (21.3 ug.), 16.6 K 10-4 
umole per 3 ml. 

t PP, sodium pyrophosphate, 0.016 mM, pH 8.5; PPs, sodium 
pyrophosphate, 0.033 mM, pH 8.5; T, Tris, 0.066 m, pH 8.5; Ps, 
sodium phosphate, 0.025 m, pH 7.7. 

§ Control activity, 100 per cent. 

{ Cysteine added, 100 per cent; 6-fold dilution, total 234 per 
cent. 
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TaBLe VI—continued 

|| CH;HgCl, 300; PP, 236; cysteine added, 107; CH;HgCl, 300; 
T, 150 per cent. 

** Chicken liver GAD, 53 ug. (3 ml.), CH;HgBr (150) TPN, 222 
per cent. 

tt Cysteine added, 100 per cent; EDTA ethylenediaminetetra- 
acetate, no reversal; 6-fold dilution, total, 290 per cent. 

tt CH;:HgBr, 300; glyclyglycine, pH 8.5, 144 per cent. 


Ultracentrifugal Studies—Some essentially preliminary ob- 
servations were performed with both glutamate dehydrogenases 
for comparative purposes, and also as a possible aid to the 
evaluation of a facilitating effect of certain reagents to be treated 
in the next section. Simultaneous observation of the sedimenta- 
tion velocities of the calf and chicken liver enzymes in 0.1 m 
sodium phosphate, pH 7.4, at 3.0° and 42,040 r.p.m. in the ana- 
lytical rotor of the Beckman model E ultracentrifuge revealed 
that the chicken liver GAD sediments at the same rate as the 
major component (7a) of the bovine GAD. The protein con- 
centration was 1.2 mg. per ml. From ultracentrifugal measure- 
ments, the molecular (particle) weight of beef liver GAD has 
been reported (7a) to approximate 1,000,000. On the assump- 
tion that the chicken liver enzyme possesses similar physical 
characteristics (shape, partial specific volume), we may conclude 
tentatively on the basis of our observations that both enzymes 
possess comparable particle weights. Under the conditions 
specified, the chicken liver GAD, crystallized to maximal specific 
activity, was observed to migrate homogeneously. 

Facilitating Effect of Certain Mercury Compounds—Evidence 
was presented earlier in this paper that the essential sulfhydryl 
groups of the crystallized glutamic dehydrogenases are rather 
unusually resistant to attack by organic mercurials of the type, 
R—Hg—xX. They are slowly bound by treatment with HgBro, 
and, of course, may be estimated by titration with Ag+. Accord- 
ingly, the observation (Table VI) of a striking increase of catalytic 
activity of either enzyme here under investigation in the presence 
of methylmercuric bromide or chloride, or phenylmercuric 
acetate, seemed to be of unusual interest. Indeed, such a 
facilitating effect of the magnitude encountered here with 
highly purified enzymes would appear of considerable general 
significance for the field of enzymatic catalysis. 

The data of Tables VI and VII indicate that the rate of oxida- 
tion of L-glutamate may be increased several-fold in the presence 
of surprisingly low concentrations of methylmercuric halides or 
phenylmercuric acetate at pH 8.5 in either Tris, pyrophosphate, 
or glycylglycine buffer. The effect is less striking at pH 8 and 
is only slight at pH 7.7. In these experiments, the validity of 
the conclusion from spectrophotometric observations was 
substantiated by the estimation of the a-ketoglutarate formed. 
The latter was determined with 2,4-dinitrophenylhydrazine. 
In 10 minutes, under the conditions of a test, a-ketoglutarate 
formed in the control was 0.052 umole, and in the presence of 
CH;HgBr, 0.201 umole. 

An even higher degree of facilitation is observed with chicken 
liver GAD in the reverse process whereby a-ketoglutarate in 
the presence of ammonia is treated with DPNH to give L- 
glutamate (Tables VI and VII). Under specified conditions, 
the rate in the presence of the mercurial may rise to 500 per 
cent of the control. Here, however, there is facilitation even 
in a lower pH region. It may be pointed out that the concentra- 
tion of methylmercuric bromide, 8 x 10~* M, found to be optimal 
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TasBLe VII 
Initial rates for GAD (optimal conditions) 
Units, micromoles of substrate per mg. of protein per minute; 
temperature, 23°; for comparative data, the absorption coefficient 


for DPNH under all conditions used was taken as 6.22 X 10* cm.? 
mmole-!. 














| | Cait | Chicken 
Buffer pH | Reagent added | bry 4a an 
| a 
P | perry 
Phosphate, 0.025...... 7.7 | 1.4 | 2.95 
Pyrophosphate, 0.016 .| 8.5 | 1.4 | 2.70 
Pyrophosphate, 0.016 .| 8.5 | CH;HgBr | 3.4 | 9.5 
Pyrophosphate, 0.016..| 8.5 | CeH;sHg-acetate | 1.8 5.5 
Glycylglycine, 0.033. .| 8.5 | 2.74 
Glycylglycine, 0.033..| 8.5 | CH;sHgBr 3.95 
Tris, 0.066............ 8.5 2.05 | 3.71 
Tris, 0.066............ 8.5 | CH;3HgBr | 3.63 | 6.70 
Tris, 0.066............ 8.5 | C.H;sHg-acetate 2.05 | 4.10 
Pyrophosphate, 0.016 .| 8.5 14.2 R* 
Pyrophosphate, 0.016 .| 8.5 | CH;HgBr | 74.0R 
Phosphate, 0.025...... 7.7 | | 8.0R 
Phosphate, 0.025...... 7.7 | CH;HgBr | 33.7R 
Trist, 0.066........... 8.0 | | 5.70 





* R, indicates reverse process. 
t Serum albumin added; rate calculated from data reported (5), 
5.88. 





1/V 
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Fig. 3. Chicken liver GAD: facilitation with methylmercuric 
bromide; competitive inhibition with isophthalate ion. See the 
text and (1). Sodium pyrophosphate, 0.016 m, pH 8.5, DPN, 
6X 10-*m. 1/V denotes reciprocal of optical density change per 
minute; 1/S, u-glutamate, m X 107. Methylmercuric bromide or 
isophthalate, m X 10‘: Xx——X = zero (no addition); O——O = 
methylmercuric bromide, 0.05; M#——- = isophthalate, 4.0; 
O——O = methylmercuric bromide, 0.05 plus isophthalate, 4.0; 
@——@ = isophthalate, 53; ©——@® = methylmercuric bro- 
mide, 0.05 plus isophthalate, 5.3. 
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for the facilitation effect in the forward, oxidative process is 
required also for maximal increase in the rate of the reverse 
process. In the latter case, however, only 0.1 the quantity of 
enzyme is needed to produce a comparable rate of change of 
optical density for DPNH, owing to the higher velocity of the 
reverse process. 

A few other aspects are cited in characterization of the phenom- 
enon (Table VI). (a) The rate of oxidation of t-glutamate by 
TPN is similarly enhanced; (6) a brief preliminary exposure of 
enzyme to CH;HgBr, 6 to 10 minutes, is required; (c) the total, 
initial facilitation effect is maintained after a 6- to 10-fold 
dilution of the treated protein; (d) even after the removal of the 
a groups of calf liver GAD by antecedent treatment with Ag*, 
the facilitation effect for this enzyme in the presence of added 
CH;HgBr is fully maintained; (e) the stimulating effect is 
reversed and the characteristic initial activity recovered on 
removal of CH;—Hg—Br through the addition of cysteine. 

In order to ascertain whether a correlation exists in this 
phenomenon and a possible dissociation of GAD in the presence 
of methylmercuric bromide, we observed simultaneously the 
ultracentrifugal pattern of chicken liver GAD in the presence 
and absence of CH;HgBr. The conditions were as specified 
earlier in the “Ultracentrifugal Studies” section, and when 
CH;HgBr was used, the ratio of enzyme to mercury compound 
was the same as the optimal ratio for facilitation in the enzymatic 
assay. The mixtures were held below 3° to avoid the precipita- 
tion of the protein (denaturation?) in the presence of CH;HgBr 
that had been observed when such rather concentrated protein 
solutions had been used at a slightly increased temperature. 
Under these conditions, no change in sedimentation velocity was 
evident in duplicate trials. However, it is more pertinent to 
inquire whether dissociation’? of the enzyme in the presence 
of methylmercuric halide occurs in dilute solutions of the enzyme 
under the conditions of an enzymatic test, and experiments 
directed to this will be planned. 

Kinetics—The isophthalate and 5-chlorofuroate ions function 
with the chicken liver dehydrogenase as strictly competitive 
inhibitors, just as they do with beef GAD (1). This is illus- 
trated in Figs. 3-5, which portray also the displacement of the 
reciprocal rate-substrate relationship in the presence of CH:;- 
HgBr. It is observed that with decrease in substrate concen- 
tration the latter reciprocal curve approaches and intercepts the 
characteristic 1/V to 1/S line with which it then coincides. Of 
particular interest is the persistence oy normal competitive action 
in the presence of the highly specific GAD inhibitors (1) when 
CH;HgBr-stimulated GAD is subjected to their action. It 
could be anticipated also that the magnitude of inhibitory action 
for the competitive inhibitors here should be diminished, 
this is reflected in the data presented (Figs. 3-5). 


and 


DISCUSSION 


Data obtained with the use of a combination of appropriate 
methods suggest that the calf liver glutamate dehydrogenase 
possesses 3 equivalents of sulfhydryl for an equivalent weight 
or subunit of 24,500 gm. of protein. Of these 3, 2 are included 
in the fraction that is involved in metallo-inactivation of the 
enzyme; one-half of this fraction (a groups) is the more available 
for interaction with certain reagents, e.g. phenylmercuric acetate, 


12 Compare Olson and Anfinsen (7a) and Frieden (18). 
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Fic. 4. Chicken liver GAD: facilitation with methylmercuric 
bromide; competitive inhibition with 5-chlorofuroate. For com- 
position of reaction medium and explanation of 1/V and 1/S, see 
Fig. 3. Methylmercuric bromide or 5-chlorofuroate ion, m X 10°. 
x——X = zero (no addition); O——O = methylmercuric bro- 
mide, 0.5; #48 = 5-chlorofuroate, 1.7; 0——O = methyl- 
mercuric bromide, 0.5 plus 5-chlorofuroate, 1.7; @——@ = 5-chlo- 
rofuroate, 5.0; ©——@ = methylmercuric bromide, 0.5 plus 
5-chlorofuroate, 5.0. 
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Fic. 5. Beef liver GAD: facilitation with methylmercuric 
bromide; competitive inhibition with isophthalate. See Fig. 3. 
Methylmercuric bromide or isophthalate ion, m X 10‘. xX——X = 
zero (no addition); O——O = methylmercuric bromide, 0.05; 
@——8 = isophthalate, 2.7; 0——O = methylmercuric bromide, 
0.05 plus isophthalate, 2.7; @——@ = isophthalate, 5.3; 
@——@ = methylmercuric bromide, 0.05 plus isophthalate, 5.3 
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and may be removed with only slight effect with respect to 
enzymatic action; titration of the second half (6 groups) results 
in a total suppression of the enzymatic activity that nevertheless 
is restorable at least in part. The 3rd thiol equivalent is detected 
when total —SH is estimated by an oxidative procedure after 
extensive denaturation of the protein. The phenomena as a 
whole reflect more than a formal resemblance to the picture 
revealed in our earlier investigation of urease (2). In contrast, 
the chicken liver glutamate dehydrogenase, by the criteria used, 
is found to possess a total of but 1 thiol equivalent per 10,300 
gm. of the enzyme-protein. This is confirmed in each of the 
several analytical procedures used. Removal of this one group- 
ing by titration with silver ion brings the activity to zero. If 
the molecular or particle weight of either enzyme is taken as 
1,000,000 it would follow that the bovine enzyme contains 
approximately 40 subunits with a total of 120 equivalents of 
—SH, of which 80 can be titrated before denaturation," and the 
chicken liver enzyme, 100 thiol equivalents. All of the thiols of 
the chicken liver dehydrogenase evidently are enzymatically es- 
sential. It isof interest in thisconnection that the chicken dehy- 
drogenase is 2 to 4 times as efficient as the corresponding bo- 
vine enzyme (Table VII). Further investigation may reveal 
whether each subunit may not in fact represent potentially an 
active center for enzymatic action. If so, a “molecule” of bovine 
liver GAD would possess some 40 such potentially active centers, 
and the chicken liver GAD, 100. 

The sulfhydryl groups of the chicken liver enzyme and the 6 
groups of the bovine enzyme cannot interact readily by mercap- 
tide linkage formation with organic mercury compounds of the 
type, RHgX, under conditions favorable for enzymatic activity. 
This may be related to a steric interference, and possibly also to 
a repulsive action with respect to the combined mercury atoms, 
attributable to the cationic nature of the enzyme surface (1). 
It would be assumed, however, that the critical sulfhydryl groups 
would be more accessible for mercaptide interaction with the 
less “bulky” silver ion.“ It has been stated earlier that this 
relative nonreactivity of critical —SH with RHgX compounds 
made possible the discovery of the rather remarkable enhancing 
effect of certain mercury compounds already described in detail 
in an earlier section. It is not yet possible to offer an accept- 
able interpretation of the marked facilitating action of methyl- 
mercuric halides and phenyl mercuric acetate with respect to the 
enzymatic efficiency of GAD. The evidence cited makes 
rather improbable any interpretation requiring the assumption 
of a release of inhibition by removal of some impurity in reac- 
tion mixtures, or of an inactivator combined with the enzyme- 
protein. Conceivably the effective mercury compounds might 
be functioning to elicit new active centers through dissociation 
of the enzyme molecules under the conditions of enzymatic 
test, or possibly a more subtle modification of the protein sur- 
face. We have also entertained the possibility that loose 
combination of the effective mercurial with the enzyme might, 
after introduction of the substrate and coenzyme molecule 
(DPN or TPN), serve to reinforce the activation of both of these 
substances involved in electron exchange through the electro- 
philic nature of mercuric mercury atoms. Such a property of 
combined mercury is reflected in the characteristic tendency of 


13 Hiraoka reported the estimation by amperometry of a total 
of 85 —SH groups (19). 
14 See ‘Discussion of Results’’ section. 
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Fic. 6. Schematic representation of GAD mechanism 


mercuric halides to form complex ions by association with elec- 
tron-donors. The same tendency is found in some degree in the 
organic derivatives, R—Hg—X. The argument may become 
clearer in the subsequent discussion, but further experimental 
study should prove more revealing. 

Role of Enzyme Sulfhydryl Groups—These essential —SH pro- 
tein groupings are required for the action of numerous enzymes, 
and have evoked much discussion as to their role. Glutathione 
has been considered by some authors to function in the cell as a 
protector of sulfhydryl-enzymes, and where GSH has been oxi- 
dized in the cell to the disulfide state, restoration by reduction is 
known to be effected through the TPNH-glutathione reductase 
system. Such a situation is suggestive of a process connoting the 
control of an enzymatic catalysis. We believe, however, that 
the significance of enzyme —SH transcends the function merely 
of control; the essential grouping may play an important part in 
the catalytic mechanism itself. Various aspects of thiol chemis- 
try have been invoked by other workers to account for such a 
role, e.g. electron transfer through free radicals of the type, 
R—S.-,!* but none of these attempts has withstood experimental 
examination. However, the investigations described in this 
paper together with those in Paper I (1) have suggested a new 
approach which may be of some general interest in this field. 

In GAD, the binding sites for the substrate include two cationic 
centers, separated by 7.5 A, to match the anionic carboxylate 
groups of the substrate, which in its approach to the enzyme 
surface readily assumes the conformation complementary thereto. 
Secondary forces involving substrate methylene groups may 
play a part. Of special pertinence is the relationship of the 
critical sulfhydryl group with respect to the enzyme-substrate 
entity. One of the possibilities is illustrated in Fig. 6, which 
is intended only as a schematic representation for the purposes of 
this discussion. It is apparent that the placement of the pro- 
tein sulfhydryl group in a manner favorable to its potential 
interaction with the a-carbon atom of t-glutamate could consti- 
tute the additional factor required to define uniquely the speci- 
ficity of glutamate dehydrogenase. The sulfhydryl group (or 
anion) may now be assumed to participate in the activation of the 
substrate through potential substitution on a-carbon in over-all 
displacement of hydrogen and its bonding electron pair, which 
simultaneously is transferred to DPN in a stereospecific manner 


16 Recent studies of hydrogen transfer do not support such a 
role as applied to dehydrogenase action (20). 
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Fic. 7. Schematic representation of mechanism for L-phospho- 
glyceraldehyde dehydrogenase. 
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Fig. 8. Illustration of discussion of urease mechanism 


(20). The role of enzyme sulfhydryl here would then be one of 
activation through “nucleophilic displacement.’ Sulfhydryl 
sulfur as a negative substituent would appear to be admirably 
adapted for such a function in the intramolecular process depicted 
with respect to the highly complementary enzyme-substrate 
system.'® The theoretical basis need not, however, be elaborated 
here. It is more pertinent to point out that Fig. 6b may be 
considered for the present purpose to represent a critical, common 
intermediate state for both the forward process whereby L- 
glutamate undergoes oxidation, and the reverse process involving 
formation of t-glutamate from a-ketoglutarate and ammonia. 
Thus, hydrolysis of the intermediate mercaptoamino compound 
formed during transfer of hydrogen to DPN would yield the 
a-hydroxy-a-amino derivative (hydrated iminoacid dianion) : 


OH 
-00C—C—CH,—CH,—C00- 


NH: 





16 We make no attempt here to speculate on the structural origin 
of the protein’s binding sites for the substrate, or for the coen- 
zymatic pyridine nucleotide, e.g. to define cationic or anionic 
centers in terms of certain protein side chains, coordinating metal 
ions, and so on. Certain important geometric considerations 
necessarily are neglected in the general discussion. Interesting 
speculations have appeared recently concerning dehydrogenase 
mechanism. See, for example, van Eys, et al. (21). 
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which would decompose to a-ketoglutarate and ammonia. The 
sulfhydryl-enzyme-DPNH complex would be released. In the 
reverse direction, the a-hydroxy-a-amino acid dianion or addi- 
tion product of a-ketoglutarate and ammonia, would combine 
with the enzyme-DPNH complex in characteristic fashion at the 
cationic centers to give, with loss of water, the system represented 
in Fig. 6b. Alternatively, a-ketoglutarate might combine (1) 
initially, followed by ammonolysis at the a-carbon atom. The 
same intermediate would be formed. Transfer of hydrogen from 
DPNH to the a-carbon atom, with displacement of sulfhydryl- 
sulfur could then result. On thermodynamic grounds, the re- 
verse action is more spontaneous than the forward step, and this 
is reflected in the position of the equilibrium point in the over-all 
process (7b). It is also the more rapid reaction. 

This theory of substrate activation and enzymatic mechanism 
may, With variations appropriate to the particular case, be appli- 
cable to any of a large number of catalytic processes involving 
sulfhydryl-enzymes; e.g. alcohol dehydrogenase or 3-phospho-.- 
glyceraldehyde dehydrogenase. Thus, in the latter dehydro- 
genase there is evidence that a sulfhydryl group adds reversibly 
to the aldehyde group of the phospho-glyceraldehyde and further 
that, during transfer of hydrogen to DPN, a thiol ester may 
form (22). From the point of view of the present discussion, the 
salient feature here is the activation of the aldehyde as an elec- 
tron donor, facilitating by nucleophilic displacement the (re- 
versible) transfer of the hydrogen atom with electrons to DPN. 
Fig. 7 presents a schematic representation, which again is not 
considered to be a complete analysis. 

It may be questioned now whether an activating role may be 
assigned similarly to enzyme sulfhydryl in the hydrolytic field, 
i.e. in respect to such enzymes as urease or papain.” This, we 
believe, may be answered affirmatively. For an example, it will 
be recalled in connection with ureolysis, that the apparent sta- 
bility of the urea molecule has been attributed in part to the 
resonance characteristic of this substance. The role of urease- 
sulfhydryl may then be presented tentatively and schematically 
in the manner represented in Fig. 8. It may be accepted that 
“eollisions’’ between urea molecules and the enormous urease 
molecule are frequent. However, only the fruitful collisions 
can result in disruption of the urea molecules. It is assumed in 
the diagram that such a fruitful collision might involve the 
simultaneous impact or interaction of (a) the enzyme’s sulfhydry] 
group (or thiol anion) with the partially positive urea carbon 
atom and (b) of a neighboring charged center of the enzyme 
(e.g. at ®) with an oppositely charged atom carried by urea, 
an ionic bond being formed momentarily. There would result a 
drastic alteration in the resonance of the urea molecule accom- 
panied by an almost explosive hydrolytic disruption of urea to 


The tentative reaction mechanism proposed by Dr. E. L. 
Smith for the hydrolytic action of papain (23) bears a formal re- 
semblance to the example treated below. We doubt, however, 
that it is desirable to postulate the actual formation of an inter- 
mediate thiol ester in the papain-substrate compound, since the 
nucleophilic attack by the essential sulfhydryl group or anion in 
the postulated binary addition complex should suffice, in this in- 


stance also, to eject hydrolytically —NH, (as NH;) from a 


Vi 
—C 


NH: 


carbonamide group. 
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yield NH,* and the carbamate ion (24). This seems quite 
consistent with the recognized, outstanding efficiency of urease 
action. The possible alteration of resonance as a basis for 
enzymatic activation has been cited by us in an earlier investi- 
gation of arginase (25). Although this latter interpretation 
would not appear to be particularly definitive with regard to the 
interpretation of the specificity of urease, it would not be difficult 
on theoretical grounds to account for the absence of activity in 
the case of derivatives such as N-methylurea or thiourea. 

We shall not attempt at this time to multiply examples in either 
the oxidative or hydrolytic fields of the applicability of the 
rather general hypotheses presented in the foregoing. The 
detailed treatment of this approach to enzyme action had best 
appear in another place. It is hoped, nevertheless, that there 
has been offered, however briefly, a rational basis for further 
discussion, and, more importantly, experimentation. 


SUMMARY 


With the use of a combination of appropriate methods, it has 
been observed that the calf liver glutamate dehydrogenase 
possesses 3 equivalents of sulfhydry! for an equivalent weight or 
subunit of 24,500 gm. of protein, and the corresponding chicken 
liver enzyme, only 1 thiol equivalent for 10,000 gm. The 
methods used in this work include the estimation of the sulfhy- 
dry] groups of the dehydrogenases by observation of the changes 
in the enzymatic activity during titration of the enzyme-protein 
with silver ion and certain mercury compounds of the type, 
R—Hg—X;; and, in addition, related applicable amperometric, 
spectrophotometric, and oxidative procedures. Of the three 
thiol groups per equivalent weight of the bovine dehydrogenase, 
two are included in the fraction that is involved in inactivation of 
the enzyme by metallic agents. One-half the groups of this 
fraction, designated a groups, are readily available for interaction 
with certain reagents, e.g. phenylmercuric acetate, and may be 
removed without significant change in enzymatic activity; 
but titration of the second half (6 groups) results in total sup- 
pression of the enzymatic activity. This inactivation is reversed 
in part by the addition of sulfhydryl compounds. The third 
class of thiol groups is detected when total —SH is estimated by 
titration with o-iodosobenzoate after denaturation with guani- 
dinium chloride. The phenomena as a whole resemble the 
picture revealed earlier in an investigation of the enzyme, urease. 
In the case of the chicken dehydrogenase, the removal of the 
one —SH grouping by titration with silver ion brings the activity 
to zero. 

In both glutamate dehydrogenases, the ‘critical’ sulfhydryl 
groups exhibit relatively low sensitivity to RHgX compounds, 
and this made possible the discovery of a remarkable enhancing 
or facilitating effect of certain of these organometallic agents. 
Kinetic methods suggest that with those reagents, e.g. isophthal- 
ate and 5-chlorofuroate ions, that were demonstrated in Paper I 
to be highly specific competitive inhibitors for glutamate de- 
hydrogenase there is persistence of normal competitive action 
when methylmercuric bromide-stimulated glutamate dehydro- 
genases, both bovine and chicken, are subjected to their action. 

The investigations described in this paper and in Paper I have 
suggested a new approach with respect to the role of the essential 
sulfhydryl groups carried by several categories of enzymes. 
This role of enzyme sulfhydryl, postulated to involve substrate 
activation through a process of nucleophilic displacement, has 
been discussed in relation to the mechanism of several dehydro- 
genases and hydrolytic enzymes. 
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Potassium Migration and Amino Acid Transport* 


Tuomas R. Riees, Lois M. Waker, anv Hatvor N. CuHrisTENSEN 


From the Department of Biological Chemistry, University of Michigan, Ann Arbor, Michigan 


(Received for publication, June 25, 1958) 


This communication undertakes to clarify a complex associa- 
tion between potassium distribution and amino acid transport. 
The transfer of amino acids into cells occurs best over a rather 
narrow range of extracellular potassium ion concentration (1-4). 
Furthermore, the uptake of neutral amino acids provokes a 
somewhat less than stoichiometric loss of potassium from the 
cells, with sodium ion replacement; the accumulated amino 
acids are in turn displaced when the extracellular potassium 
level is again elevated. This relationship is so much like that 
between two amino acids, each being displaceable by the other, 
that one cannot escape the thought that the potassium ion is 
behaving like an amino acid (2). 

In addition, a number of agents that stimulate amino acid 
accumulation also stimulate K* loss from the cells, although, to 
confuse matters, this K* loss becomes more conspicuous at 
higher levels of some of these agents where amino acid uptake 
is inhibited instead (5). 

The present study began with a finding, briefly reported (4), 
that glycine accumulation by the Ehrlich mouse ascites car- 
cinoma cells falls off precipitously when the extracellular K* 
level is kept well below the normal range. Further examination 
shows, however, that the transfer is dependent instead upon the 
cellular potassium reservoir, the extracellular potassium serving 
to maintain cellular levels. In addition, K+ has been found 
necessary for the enhancement of amino acid uptake by pyri- 
doxal. 


EXPERIMENTAL 


Conditions and methods for study of amino acid uptake by 
Ehrlich mouse ascites carcinoma cells in vitro were the same as 
those used previously (1, 6). Krebs-Ringer bicarbonate buffer 
under 95 per cent oxygen-5 per cent carbon dioxide was uge? in 
all experiments except those in which oxygen consunyption-Wwas 
measured, where a 0.1 M Krebs-Ringer phosphate medium was 
used under pure oxygen. Respiration experjments were carried 
out in duplicate in Warburg flasks at 37° with 6 N NaOH in the 
center well. Glycine and any test substance were tipped in at 
zero time and oxygen consumption was measured over the next 
60 minutes. Glycine and K* were then determined in suitable 
extracts after pooling the duplicate samples and separating 
cells from extracellular fluid. 

The analytical methods for glycine, tryptophan and a,y- 
diaminobutyric acid have been described previously (3, 6). For 
glycine, picric acid extracts were made of the separated cells and 

* Supported in part by a grant (C-2645-C2) from the National 


Cancer Institute, National Institutes of Health, United States 
Public Health Service. 


extracellular fluids, whereas hot water extracts (pH 5 to 6) were 
used for the other amino acids. Distribution ratios refer to the 
ratio of concentration calculated for the cellular water to the 
concentration in the extracellular medium. Extracellular fluids 
were analyzed directly for sodium and potassium; 0.75 N nitric 
acid was used to extract the cells. These electrolytes were 
analyzed with the Baird flame photometer with use of an internal 
lithium standard. 


RESULTS 

Experiments in Which Both Extra- and Intracellular K~* Levels 
were Lowered—In these experiments, the extracellular [K*] was 
lowered either by dilution with K*-free medium or by use of a 
Na*-charged ion exchange resin. These experiments were suffi- 
ciently prolonged, however, so that low K* levels were also 
reached within the cells. Some experiments with poisons which 
caused loss of cell potassium will also be considered in this sec- 
tion. 

Incubation of cells with increasing volumes of potassium-free 
Krebs-Ringer bicarbonate medium caused progressively larger 
losses of potassium. A plot of the logarithm of the extracellular 
potassium level attained on incubation against the logarithm of 
the ratio between the 2 fluid volumes was useful for predicting 
the potassium distribution. Obviously such a plot would not 
remain linear much beyond the limits shown in Fig. 1. Although 
the extent to which glycine was concentrated increased as the 
outside [K*] was elevated from 1 to 4 ma (4), an equally good 
relationship could be shown between glycine uptake and final 
cellular [K+] (Fig. 2). Tryptophan and diaminobutyrate at 
20 ma levels were also better accumulated when the final extra- 
cellular [K*] was at 5 to 7 rather than at 1 to 2 mM. 

Preliminary incubation of cells with Na*-charged Dowex 50- 
X8, for up to 3 hours led to progressive loss of up to two-thirds 
of the cellular K*, with Na* replacement (Fig. 3). The charged 
resin was enclosed in a cellophane bag to allow its ready removal. 
These Na*-loaded cells were readily returned to their original 
cation content, or to intermediate values, by incubation in media 
containing various K* levels. At the same time, their diminished 
glycine-concentrating ability was restored (Table 1). 

A number of agents have the common property of causing 
K* loss from the cells and proportionately decreasing the glycine 
uptake (Table II), although some other agents (alanine or 
glutamate; 5 X 10-5 m Co**, Cu** or Zn**; 30 mm K*) lower 
the amino acid uptake without causing corresponding loss of K*. 
The final cell [K*] and glycine distribution ratio were closely 
correlated, the correlation coefficient being 0.81 for 29 sets of 
observations with the various agents shown in Table Il. Two 
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Fic. 1. Final extracellular potassium levels after incubating 
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sium-free medium. Incubation was for 2 hours at 37° in Krebs- 
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Fig. 2A (upper). Relationship of glycine uptake by tumor cells 
to the final extracellular potassium concentration. Cells incu- 
bated 1 hour at 37° with 2 mm glycine in Krebs-Ringer bicarbonate 
media containing varying suboptimal amounts of added potas- 
sium. Relative distribution ratio of glycine is 100 X the distribu- 
tion ratio (that is, ratio of [glycine]ce1s to [glycine] siuia) at the 
given extracellular fluid potassium level compared to the distri- 
bution ratio of the control in which{K*]tuia = 5 m.eq. per |., 
the optimal level. 

Fig. 2B (lower). Relationship of glycine uptake by tumor cells 
to the final cellular potassium concentration. Same experiment 
as in Fig. 2A. 


ane 
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agents, azide and fluoroacetate, lowered neither cellular [K+] nor 
glycine uptake. Adding various metal cations relieved both the 
potassium-depleting and accumulation-inhibiting actions of 
ethylenediaminetetraacetate. 

Neither resin-treated nor poisoned cells should be considered 
merely K+-deficient; yet a remarkable association was found 
between the extent of K* restoration and the cellular ability to 
concentrate glycine. Mere refreshment of the medium was not 
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Fig. 3. Loss of potassium and gain of sodium by tumor cells 
incubated with Na-charged Dowex 50. Details of experiment 
given in the text. 
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TABLE I 
Uptake of glycine by cells depleted of potassium by preliminary 
incubation with Na-Dowez 50-X8 
Cells subsequently incubated for 1 hour at 37° with 2 mm glycine 
either in K*-free medium (first and third lines) or with K* added 
to produce the final levels indicated. 





| Relative gly- 


ee | Pretreatment Re | po gees ll |Fluid [K*] 
mM 
410 | Na-Dowex 50, 3 hrs. 62 59 2.0 
410 | Na-Dowex 50, 3 hrs. 94 85 8.8* 
410 | Sand, 3 hrs. 82 82 3.0 
410 | Sand, 3 hrs. 100 100 10.5* 
412 Na-Dowex 50, 3 hrs. 101 95 9 .3* 





* Brought to this level with added K*. 


enough. This association is shown in Table I for resin-treated 
cells, and in Fig. 4 for cells incubated 30 minutes with 2,4- 
dinitrophenol (causing up to 90 per cent depletion of K*) and 
then incubated in fresh media with glycine and quantities of K* 
which produced various degrees of repletion. The final cellular 
K+ levels correlated closely with the glycine distribution ratio 
reached (P <«< 0.01). Similarly, a high correlation coefficient 
(0.80, 20 degrees of freedom) was obtained for the same relation- 
ship where ethylenediaminetetraacetate was used instead of 
dinitrophenol. Closely similar results were obtained when 
cyanide was used for depleting the cell potassium. In contrast, 
little relationship was found between glycine uptake and oxygen 
consumption. 

Replacement of K* Requirement with Other Cations—Rb* but 
not Lit could replace K* in the extracellular fluid and permit 
normal glycine uptake (Fig. 5). Both cations inhibited the 
transport at higher levels in a manner similar to K*. The 
ammonium or tetraethylammonium ions at 5 m. eq. per |. did 
not replace K+ but, rather, inhibited glycine uptake. 

The cations L-lysine*+ and L-diaminobutyrate* at 10 mm levels, 
in contrast to other amino acids, stimulate the uptake of neutral 
amino acids (2), despite the concomitant displacement of cell 
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Tas_e II 
Association between glycine uptake and cellular potassium 
concentrations in presence of various compounds; effect on 
ozygen consumption 
Glycine was added to a 2-mm level, along with the inhibitor. 
Incubation time was for 1 hour at 37°. Krebs-Ringer phosphate 
medium was used in all experiments in which Qo, was measured; 








otherwise Krebs-Ringer bicarbonate was employed. Other de- 
tails and terms are as previously described. 
| Relative ; 
Compound and level ES | | Revie cooly — 
tion ratio | | | 
Hg*+, 0.1 mm........ 9 20 | 15.0 
Sodium cyanide, 5 mm. s- ) me Pee 
2,4-dinitrophenol, 1 mm | 20 30 | 9.3 
Sodium fluoride, 10 mm......| 27 59 | «11.7 81 
EDTA,* 6 mm, no Ca-Mg 60 7606}: C69 
EDTA, 1mm, noCa-Mg.....| 51 | 69 | 1.7 87 
Pyridoxal, 5 mm. = 70 | 75 | 9.5 747 
EDTA, 1 mm, Ca- Mg me- | | | 
dium. spe ...| 9 9% | 5.8 102 
EDTA + Cut, i mM seach | 94 | 96 6.2 
EDTA + Ni**, 1 mm each 122 | 100 5.7 
Sodium azide, 1 mM....... 97 97 5.5 97 
Sodium fluoroacetate, 10 mm.| 107 | 102 5.7 | 97 


| 





* Ethylenediaminetetraacetate. 
{ Separate experiment in which relative glycine distribution 
ratio = 70. 
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Fig. 4. Association between cell potassium levels and uptake 
of glycine by tumor cells pretreated with 2,4-dinitrophenol. 
Cells were depleted of potassium by 30-minute preincubation with 
0.15 to 0.5 mm dinitrophenol, after which glycine and varying 
amounts of potassium were added in fresh buffer medium. The 
correlation coefficient for the association is 0.91 (P = <«0.01). 


K+ (Fig. 6). At higher levels of diaminobutyrate, this effect 
turns to inhibition, although less than would be predicted from 
the magnitude of the cell K* loss. The failure of diaminobutyr- 
ate to inhibit at lower levels may be due partly to the compen- 
sating stimulation and also partly to its extremely high uptake 
(7), which rapidly depletes its extracellular level, leaving rela- 
tively ineffective levels to compete with the glycine at the outside 
limit of the cell. At higher diaminobutyrate levels, larger 
amounts would be left outside the cells. The large amount of K+ 
lost from the cells is attributed to displacement by the amino acid 
(7), and the fact that this does not inhibit glycine uptake in it- 


T. R. Riggs, L. M. Walker, and H. N. Christensen 
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Fig. 5. Comparison of glycine uptake by tumor cells incubated 
in the presence of extracellular potassium, rubidium, or lithium. 
Glycine added to 2mm. Time of incubation was 1 hour at 37°. 
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Fig. 6. Changes in cell potassium levels and glycine uptake with 
varying initial levels of a,y-diaminobutyric acid. Glycine added 
to2mmM. Time of incubation was 1 hour at 37° 


self suggests that this organic cation can assume the hypothetical 
function of the cell K+ in amino acid concentration. We have 
shown earlier that tumor cells loaded with one amino acid are 
still able to concentrate a second amino acid (by displacement), 
even though their K* has been depleted (3). 

One group of cations (Na*, Lit, NHy*, (C:H;)4N*) may be 
considered unfavorable, and another (K+, Rb*, diaminobutyr- 
atet) favorable as cell constituents for the uptake of amino acids. 

K+ Requirement for Pyridoxal Stimulation of Amino Acid 
Transport—Extracellular K* levels below 4 m. eq. per 1. led to 
suboptimal stimulation of glycine transport by 1 mM pyridoxal 
(Fig. 7). At 1m. eq. per 1. of K+, no stimulation was apparent. 
Here again the depletion of the cell potassium rather than low 
extracellular K+ per se may be the factor which limits glycine 
uptake. The greatest stimulation by pyridoxal occurred with 
K+ at an inhibitory level (about 15 m. eq. per 1.), even though 
the net effect of these two agents was still inhibitory (Fig. 8). 
Accordingly, pyridoxal appears to protect the cells from the 
otherwise inhibitory effects of elevated extracellular K* levels. 
Rb*+ replaced K* in this requirement for pyridoxal stimulation, 
although its optimal level was about 7 instead of 15 m. eq. per 1. 
With 1-tryptophan, optimal pyridoxal stimulation occurred at 
5 m. eq. of K* per 1., falling off on either side of this level. 
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Fic. 7. Effect of low extracellular potassium levels on stimula- 
tion of glycine uptake by pyridoxal. Glycine was added to 2 mm, 
pyridoxal to 1 mm. The indicated potassium levels in the extra- 
cellular fluid were obtained by graded addition of potassium to 
K+t-free buffer medium. Time of incubation was 1 hour at 37°. 
The increasing separation of the lines as the fluid [K*] increases 
shows that the pyridoxal stimulation increases with increased 
outside [K*]. 
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Fic. 8. Effect of pyridoxal on uptake of glycine at inhibitory 
levels of extracellular potassium. Glycine added to 2 mM, pyri- 
doxaltolmm. Time of incubation was 1 hour at 37°. The figures 
in the parentheses represent relative distribution ratios, in the 
presence of pyridoxal versus controls, at each potassium level. 


Experiments in which Cellular and Extracellular [K+] were 
Modified Somewhat Independently—Such experiments must in- 
herently be short term and were of two types: (a) those in which 
fresh cells were studied in nearly K+-free medium before much 
cellular K*+ had escaped, and (b) experiments in which cells 
depleted of potassium by incubation in low potassium medium 
were transferred to a normal medium and glycine uptake ob- 
served before cellular K*+ had been restored. Both types of 
experiments showed glycine uptake to be closely related to the 
cellular rather than to the extracellular K+ levels. 

Fig. 9 shows the results of two similar experiments in which 
samples were removed at 3, 15, 30, and 60 minutes after adding 
glycine in a large volume of K*-free medium to a suspension of 
tumor cells in the normal artificial medium. At the same time, 
glycine in the normal medium was added to a second, control 
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Fic. 9A (upper). Relative changes in glycine uptake by tumor 
cells as a function of final extracellular potassium levels. The 
extracellular K* levels were obtained by incubating normal cells 
for various periods of time in an originally K*+-free Krebs-Ringer 
bicarbonate medium. Glycine added to 2mm. See the text for 
details. 

Fig. 9B (lower). Relative changes in glycine uptake by tumor 
cells as a function of final cellular potassium levels. Same experi- 
ment as in Fig. 9A. 


portion of the cell suspension. During 3 minutes in the low K+ 
medium, cellular [K*] fell from 120 to 90 m. eq. per kg. of water, 
the outside K+ reaching 0.5 mm. During the subsequent inter- 
vals, the cell [K+] fell to 60 m. eq. per kg. of water while the 
outside level rose to 1.0 mm. Each of these K+ concentrations 
was converted to the percentage of that present in the correspond- 
ing control phase, and each glycine distribution ratio to the 
percentage of that obtained in the parallel control incubation. 
The figure shows that the relative extent of glycine concentration 
attained in a given interval of time under these conditions was 
more or less directly related to the cellular [K+] (Fig. 9B) and 
inversely related to the extracellular [K*] (Fig. 9A). 

Table III records results obtained by the second technique in 


Tasie III 
Glycine uptake by potassium-depleted cells suspended in medium 
of normal [K*] 
All cells were preincubated 90 minutes and treated as described 
in the text. Glycine added to2 mm. Representative results are 








given. 

| Time of | Glycine 

Preincubation medium | incubation Cell [K*) | Fluid [K*) |distribution 
with glycine | ratio 
in| egg. 

Nowmal BY... 5 ics. | 3 | 116 5.8 5.75 
of are | 3 38 5.6 2.68 
POM TT oie os coe ts 15 109 6.0 11.3 
MOD soe ieee ne 5 56 5.4 06 
Normal i"... 6.0..| 60 112 6.1 11.9 
PMG is sessixs e683 | 60 88 5.2 6.44 
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which 90 minutes of preliminary depletion of K+ were followed 
by addition of a glycine solution containing enough K+ to 
produce a normal outside level. Cells withdrawn after 3 
minutes still contained only one-third as much K* as parallel 
undepleted cells, despite their normal outside environment. 
Their glycine content was at this point undetectably elevated 
from the endogenous levels. Even at 15 and 60 minutes, when 
both cell K+ and glycine uptake had increased, the glycine up- 
take was still clearly subnormal. 


DISCUSSION 


The above results point to a potentiation of amino acid trans- 
port by the presence of an adequate cellular level of K* or cer- 
tain substitute cations, and a handicap to amino acid transport 
when Na* or Li* has replaced these cations. This conclusion cor- 
rects an earlier view (2) and may be related to two other findings: 

1. The uptake of neutral amino acids such as glycine causes 
the loss of K+ from the cells, although in less than stoichiometric 
quantities (1-3). The inverse is also true. 

2. Several agents which stimulate amino acid uptake (py- 
ridoxal, indoleacetate, etc.) also cause a simultaneous loss of 
potassium from the cells. 

As a first possibility, we may consider that the mere presence 
of K+ in the cells, rather than its movement, is the stimulus to 
amino acid uptake. For example, a high potassium gradient 
may be essential to the organization of the membrane; or the 
association and dissociation reactions of the carrier transport 
may be favored, in another way than that to be discussed below, 
by low and high potassium levels, respectively. This possibility 
does not, however, explain the reciprocal movements of K*+ and 
the neutral amino acids. 

As an alternative view, we may consider that the migration 
of potassium from the cell may stimulate the simultaneous 
entrance of amino acids. According to this interpretation, if 
the loss of K+ has preceded the amino acid uptake, less cellular 
K* is available to facilitate amino acid uptake by its simultaneous 
loss. For example, cells previously depleted of K+ by incubation 
in low K+ media are not stimulated in their glycine uptake by 
pyridoxal. According to this view it is not the presence of the 
K* but the concomitant acceleration of the net efflux, or of one 
of the specific K+ fluxes, which is stimulating. 

Three K+ fluxes presumably will rise with the cellular K+ 
level: (a) efflux by diffusion, (b) carrier-borne efflux, and (c) 
carrier-borne influx (the latter two increases together ordinarily 
representing increased exchange diffusion). The first and third 
of these three perhaps may be tentatively eliminated from 
consideration on the following basis: (a) the effluxes of free Na* 
and of K+ by diffusion should not differ in their ability to cause 
movements of other substances; instead their carrier-borne 
movements are the ones which we may expect to propel specifi- 
cally other particles; (c) an initially low extracellular K+, which 
should mean a slowed K* influx, does not handicap glycine 
uptake, hence changes in K* influx are presumably not of direct 
importance. 

This leaves us with a possibility which is an extension of the 
concept of exchange-diffusion, namely that K+ may accelerate 
the movement of the glycine carrier from the cell, presumably by 
combining with it and competing with glycine for a position on 
the carrier, thereby diminishing the rate of recombination of 
carrier and glycine at the inside limit of the membrane. This 
is not to propose that K* combines with the carrier in the same 
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way that glycine does. Apparently not all forms of loss of K+ 
intensify amino acid uptake, since the uptake shown in Fig. 9B 
was not supernormal during potassium escape. Furthermore, 
only potassium loss caused by certain agents resulted in stimu- 
lated amino acid uptake; in other cases potassium loss was 
associated with inhibition of glycine uptake. 

A propelling function might instead be assigned to the Na* 
movements, which are reciprocal to the K*+ movements. In 
the same way consideration may be narrowed to a bound form 
of Na influx; that is, the excess of Na influx could occur in the 
form of a complex between the carrier, glycine, and sodium ion. 

Since proton displacement from the amino group may well be 
necessary for amino acid transport (2, 3, 8), the remaining amino 
acid residue should be anionic. Accordingly, the carrier may 
well be a cation, or a cation may be specifically included in the 
whole complex (Scheme 1). 

The choice between K* efflux and Na* influx as the specific 
driving influence may be assisted by the observation that such 
stimulating agents as pyridoxal, indoleacetate, and the like cause 
K* loss from the cells accompanied by minimal Na* replacement. 
Instead, water is lost along with KCl. Accordingly, the K+ 
efflux is more likely to be the significant factor. No agent has 
so far been suggested which could serve as an amino acid carrier 
which at the same time chelates more strongly with K* than with 
Na* (ef. 9). 

A fourth possible explanation deserves consideration. Scheme 
1 pictures the displaced proton as left in the outside phase, 
perhaps causing an acid trend in that phase and an alkaline 
trend within the cell during amino acid uptake. Conceivably the 
exchange of Na+ for K+ might arise from the necessity for the 
secondary transfer of the displaced H*. Acidosis is known to 
stimulate Na* replacement of cellular potassium in the whole 
animal organism, and H+ appears to join with Na* in this re- 
placement of K+. In the present instance this possible explana- 
tion is refuted, however, because uptake of glycine by Ehrlich 
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Scheme to show that net carrier transport of amino acids 
may cause cation migrations and unequal H* distribution. X* 
might be for example a chelating metal (B* or 4 B**) or a 
structure which binds to the amino group in some other way. X* 
may instead stand for two agents, one neutral and one a cation 
(for example pyridoxal and Na*), both of which enter the complex. 
Linkage to the carboxyl group is illustrated here to explain the 
failure of y-amino acids to be concentrated. According to this 
scheme, only if the cation component of X* is different for the 
free carrier and the amino acid-carrier complex will cation migra- 
tion directly influence and be influenced by net amino acid trans- 
port. This scheme calls for secondary H* migration unless the 
released proton becomes bound at another point on the carrier- 
substrate complex. 
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cells does not acidify the environment, even for K+-depleted 
cells. These cells in particular appear to permit ready H*+ trans- 
fer, since ion exchanges among Nat, K+, and Cl- tend to be 
electrically balanced as if no dissymmetry of H+ distribution 
were produced. Even in the intact rat, intraperitoneal injection 
of a-aminoisobutyric acid (10 mmoles per kg.) produced no urinary 
evidence of extracellular acidosis. These observations are not 
taken as evidence against Scheme 1, since (a) the hydrogen ion 
in most circumstances appears to enter cells readily, and (6) 
conceivably, the displaced hydrogen ion may bind to another 
point on the carrier molecule. No support is given, however, to 
the view that Na* influx or K* efflux serves to stimulate second- 
ary H+ influx. Instead, their action on the primary movements 
of the carrier or the carrier-amino acid complex appears more 
plausible. In fact, as proposed earlier, amino acid uptake con- 
ceivably could be wholly driven by the energy inherent in the 
asymmetry of cellular alkali metal distribution (2). Continuing 
reconcentration of the released K+ might well obscure the stoi- 
chiometry of such exchange. 


SUMMARY 


The availability of cellular potassium or suitable substitute 
cations appears to be necessary for optimal amino acid uptake 
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by Ehrlich ascites tumor cells as indicated by the following 
results: 

1. Whereas subnormal uptake of several amino acids is ob- 
served at lowered extracellular potassium levels, this is a conse- 
quence of lowered cellular potassium and is not observed in 
short term experiments. Conversely, lowered cellular potassium 
causes depressed glycine uptake even when the extracellular 
potassium level is in the normal range. 

2. Many, but not all, inhibitors of glycine accumulation caused 
a correlated loss of cellular potassium; in these cases restoration 
of cellular potassium was a necessary condition for regaining 
normal glycine accumulation. 

3. The cations of lysine, a,y-diaminobutyric acid, and rubid- 
ium could replace cellular potassium without inhibition of glycine 
uptake, whereas replacement by sodium, lithium, or tetraethyl- 
ammonium ions strongly handicapped glycine accumulation. 

4. Pyridoxal stimulation of amino acid uptake was dependent 
upon the presence of K+ and was maximal at 5 X 10-* N (for 
tryptophan) or 15 X 10-* n K+ (for glycine). Rb* also replaced 
K* in this function. 

The possibility has been considered that potassium efflux 


moves a carrier for neutral amino acids in a direction favorable 


to amino acid transport. 
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Several features of the concentrative transfer of amino acids 
have attracted our attention to the amino group as a likely site 
of the transport reaction. For example, monomethylation of 
this group decreases and dimethylation eliminates active trans- 
port (1). Similarly, structural features which make the removal 
of protons from the amino as well as from the carboxyl group 
easier facilitate transport. This finding also points to the amino 
group, because at neutrality the fractional increase of the amino 
groups in the form RNH: resulting from such structural changes 
is much greater than the fractional increase of carboxy] groups 
in the form RCOO- (2,3). In addition, the carboxyl group ap- 
parently may be replaced by a sulfonic acid group without elim- 
inating transport or competition for transport (4). 

Nevertheless, the importance which carboxy! activation is 
assuming in the study of protein synthesis seems to justify an 
examination for carboxyl-oxygen exchange, which has been shown 
to accompany a reaction producing amino acid-adenylie acid 
mixed anhydrides (5). This examination has been made with 
O"-labeled AIB! under conditions which permit other metabolic 
reactions in addition to a transport reaction but for an amino 
acid for which such are unknown. 

Preparation of O'-labeled AIB (cf. 5)—Reerystallized AIB, 
5.15 gm. (0.05 moles), was dissolved by refluxing in a Carius 
tube in a mixture of 5.0 ml. of H.O" (3.2 atoms per cent excess 
O0', obtained from Isotope Division, Atomic Energy Research 
Establishment, Harwell, England?) and 1.35 ml. (0.05 equiva- 
lents) of concentrated sulfuric acid. The tube was sealed and 
placed in a Carius oven at 145 + 3° for 12 hours. (Previous 
test had shown similarly complete exchange at 133° during 42 
hours.) No discoloration appeared. The crystalline contents 
were washed from the still hot tube with warm water, and sul- 
fate was removed by adding the resin Amberlite IR-4B (free 
amine form) to pH 6. After filtration, water was evaporated in 
a vacuum and the product crystallized twice from small volumes 
of water by gradual addition of 4 volumes of ethanol. The 
crystals were dried at 56° over phosphorus pentoxide. 

Recovery from Biological Material—Tissues were homogenized 
with 1 volume of water in a glass homogenizer and then treated 
with 10 volumes of saturated aqueous picric acid. Picrie acid 
was removed from the filtrate by treatment with Dowex 1-chlo- 
ride, and the solution was taken to dryness in a vacuum. The 


* Supported in part by a grant (C-2645-C2) from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service. 

1 The abbreviation used is: AIB, a-aminoisobutyric acid. 

* Obtained through a training grant, Atomic Energy Commis- 
sion. 


residue was then dissolved in 1 volume of water. 
concentrated in a vacuum. 

The resultant sample, containing 30 to 150 mg. of AIB in not 
over 25 ml., was mixed with 0.15 to 0.3 ue. of C-labeled AIB 
and sufficient formic acid to bring the pH below 3.8. The mix- 
ture was applied to a 40-cm. column of Dowex 50 X8 (ammonium 
form), 15 cm.? in cross-sectional area (6). The AIB was eluted 
with ammonium formate buffer, pH 3.8, and began to emerge 
after 1250 ml. Beginning at this volume successive 20-ml. 
fractions were examined by C™-counting to select the central 
portion of the AIB peak. The central fractions were combined 
and evaporated to dryness, being held finally for at least 12 hours 
in the vacuum of an oil-pump. The residue was dissolved in 
2 or 3 ml. of water and decolorized with charcoal, and the solution 
was again taken to dryness. The product was then redissolved 
in 0.1 or 0.2 ml. of water, and 10 volumes of absolute ethanol 
were added. The crystals, separated after chilling overnight, 
were washed with ethanol and dried at 56° over phosphorus 
pentoxide. 

Analyses for O8—Between 1 and 4 mg. of AIB were weighed 
into each of a number of slender test tubes fitted with 10/30 
ground glass joints. 12 parts by weight each of diphenylamine 
and diphenylmethane were added, the tube was stoppered firmly, 
and the acid was decarboxylated by heating the tube over a 
small flame until all solid matter had disappeared (7).2 The 
sample was then chilled in liquid nitrogen and the tube evac- 
uated to less than 1 yw with a three-way stopcock in the vacuum 
line. Subsequently, after removing the freezing bath, two suc- 
cessive gas samples were introduced into an analytical mass 
spectrophotometer, model 21-103C (Consolidated Electrody- 
namics Corporation) for the determination of the O" excess of 
the carbon dioxide which had been released.‘ 


Urine was 


Samples of the 
amino acid fed were analyzed along with isolated AIB samples. 


RESULTS AND DISCUSSION 


Table I presents the atoms per cent of O" found in the various 
samples of AIB. The only sample in which significant metabolic 
loss of O"8 had occurred is that isolated from human urine se- 
creted from 6 to 12 hours after AIB feeding. A second examina- 
tion confirmed the slightly diminished isotope content of this 
sample. 

Consideration of all the results, however, excludes the pos- 


§ The author is indebted to Dr. Paul Boyer for the suggestion 
of this method. 

‘ Under the direction of David M. Brown, Chemical and Metal- 
lurgical Engineering Laboratories of this University. 
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TABLE I 
O"8 content of recovered AIB 























AIB amy 
A. Recovered from Ehrlich ascites tumor cells. 
Cells incubated 1 hr. in 10 volumes of Krebs- 
Ringer bicarbonate medium containing 25 mm 
labeled AIB. 
I i Bd 59 atl Scie weno’ ae .78 
Recovered, Experiment 201.................. 1.72 
Recovered, Experiment 203.................. | 1.78 
B. Recovered from liver after injection into the rat. 
0.5 gm. of same amino acid preparation as above 
in 12 ml. of water infused intraperitoneally into 
each of two 260-gm. female rats. Livers were 
removed after 3 hrs. 
Recovered, Experiment 198.................. 1.70 
Recovered, Experiment 202.................. | 1.79 
C. Recovered from urine after feeding to man. 2 | 
gm. by mouth ingested by a fasting 63-kg. man. | 
5.5) said bans Sa ales os 4s8s0 o5 30000, | 1.92 
Recovered from urine, first 6 hrs............. | 1.94 
Recovered from urine, second 6 hrs........... | 1.84 
TasBie II 
Uptake of water associated with uptake of a-methyl 
amino acids by tumor cells* 
vale Sy Initial | e 
Experi- | . | Change 
ment | Amino acid | cellar e | of cel 
| mM % 
274 | a-Methyl-pL-asparagine 18.9 40.0 +10 
274 a-Methyl-p.i-methionine 18.8 56.6 +11 
275 | a-Methyl-p1-serine | 19.6 55.8 +19 
275 | pL-Isovaline 20.1 54.2 | +17 
275 | a-Methyl-pi-valine 19.9 35.5 +7 
275 | AIB 19.8 35.2 +10 
282» AIB 24.7 44.2 +11 
325  N-methyl-AIB 25.1 35.3 +9 
322 | N ,N-dimethyl-AIB 31.5 —9.2 +1 














* Incubation was for 1 hour at 37°. 


sibility that O” exchange is essential to amino acid transport. 
Not only has most of the AIB recovered from liver and from the 
ascites tumor entered the cells by 4 concentrative process, but, 
by analogy with findings with glycine, it has undoubtedly tra- 
versed the cell membrane repeatedly in the time interval selected. 
The AIB fed which was excreted after 6 hours has crossed the 
intestinal epithelium and entered various cells before appearing 
in the urine. The small O'* exchange observed after 6 hours 
may indeed have been produced by intestinal microorganisms. 

This result leads us to publish here earlier documentation 
for our conclusion that AIB transport is closely similar to the 
more thoroughly studied glycine transport, at least in Ehrlich 
ascites tumor cells. For example, one obtains, as for glycine, 
water transfer in association with the development of gradients 
of a-methyl-a-amino acids by ascites tumor cells (Table II). 
N-dimethyl-AIB, which is not concentrated, serves as a control. 
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Tas_e III 
Inhibition of glycine uptake by various a-substituted 
amino acids 
Glycine at 2 mm concentration. Distribution ratio equals 
glycine concentration calculated for cellular water divided by 
glycine concentration of extracellular water. 





Distribution 























; : | } Initial : 
E as | 
=Peyament | Inhibitor — uninhibited 
—_—__—_— ‘cats = zs 2 
| | mM % 
279 ~=| AIB | 10 35 
323 | N-methyl-AIB 2 52 
323. | N-methyl-AIB 10 25 
323 | N,N-dimethyl-AIB 2 94 
323. | N,N-dimethyl-AIB 10 95 
309 =|, a-Methylol-p1-serine | 2 80 
309 =| a-Methylol-pt-serine 10 55 
309 a-Methylol-p.L-serine 20 41 
279 | a-Methyl-pi-glutamate 10 96 
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TIME, MINUTES 


Fig. 1. Stimulation of labeled a-aminoisobutyrate uptake by 
pyridoxal. Amino acid added to a 2 ma level to suspension which 
had been previously incubated for 5 minutes with 1 mm pyridoxal. 
At the indicated intervals, 2-ml. portions were removed to an 
iced tube and centrifuged in the cold. Parallel controls were 
readily duplicated under these conditions. Similar results were 
obtained with the opposite order of addition. 


In addition, the finding that a-methyl-a-amino acids compete 
for transport indicates that they must be transported by the 
same carrier (Table III). a-Methylglutamate and N-dimethyl- 
AIB serve as controls. Likewise, such agents as 2,4-dinitro- 
phenol, arsenate, and cyanide are similarly inhibitory to AIB 
accumulation, whereas pyridoxal is stimulatory, both in vitro 
and in vivo (8). The latter effect has now been shown to apply 
to the initial uptake rate for AIB (Fig. 1), as well as to the cel- 
lular concentrative capacity. These findings permit us to general- 
ize from the results with AIB that the carrier reaction does not 
involve displacement of O" from the carboxyl group of neutral 
amino acids. In this way the formation of coenzyme A deriva- 
tives, or of adenylic acid anhydrides by reactions of the type 
described by Hoagland, is excluded as an essential step in trans- 
port. Dr. Paul Boyer informed us recently that he has made 
related observations on bacteria. 
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SUMMARY 
O"-labeled a-aminoisobutyric acid suffers no significant loss 
of O88 upon uptake by rat liver in vivo or by Ehrlich ascites tumor 
cells. In fact, very little O" is lost from the amino acid fed to 
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Parker, and T. R. Riggs 1487 
man and recovered from the urine. The close relationship in the 
transport of this and other neutral amino acids permits one to ex- 
clude reactions involving O'*-exchange in the transport of these 
substances. 
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We previously reported that preloading Ehrlich ascites car- 
cinoma cells with unlabeled glycine considerably accelerates 
the uptake of labeled glycine by these cells (2). In contrast, 
this uptake is depressed when unlabeled glycine is added to the 
suspending medium. In other words, the presence of unlabeled 
glycine outside the cell tends to depress, whereas the presence 
of unlabeled glycine inside the cell tends to stimulate the move- 
ment of labeled glycine into the cell. The depressing effect of 
extracellular glycine has been studied previously and related to 
the saturation of a specific transport mechanism (2). The 
stimulating effect of preloading, on the other hand, has been 
viewed as evidence against binding of glycine at intracellular 
sites as the cause of the rapid accumulation of glycine by these 
cells. It also seems to exclude free diffusion as the main path- 
way by which glycine enters the cell. This paper describes 
further studies of this phenomenon and presents a more detailed 
interpretation based on new experimental evidence. 

A phenomenon similar to that under consideration has been 
observed with the chloride transport across the gastric mucosa of 
the frog (3). The unidirectional chloride flux was found to 
drop markedly when the “trans” concentration, 7.e. the chloride 
concentration of the solution towards which the flux is directed, 
was lowered. This effect has been interpreted as a result of a 
decrease in the rate of chloride “exchange diffusion.” We 
assume that the general principles of exchange diffusion, as 
derived for the gastric mucosa, essentially apply also to the sys- 
tem of glycine transport in the Ehrlich carcinoma cells. The 
presence of exchange diffusion in these cells has been inferred 
from the fact that labeled glycine exchanges across the cellular 
membrane several times more rapidly than can be accounted for 
by active transport and leakage (4). On this basis, the relation- 
ship between uptake of labeled glycine and intracellular glycine 
evel has been formally derived and tested experimentally. 


THEORETICAL 


In free diffusion, the unidirectional fluxes of a solute can be 
treated as independent movements. Each flux is a function 
of the concentration of the solute in the compartment from 
which the flux originates (‘‘cis’’ concentration), but should be 
independent of the concentration of the solute in the compart- 
ment towards which the flux is directed (“trans’’ concentration) 
(3). Deviations from this last condition, therefore, furnish 
evidence against free diffusion and may indicate such phenomena 
as “restricted diffusion” and “exchange diffusion.”’ In restricted 


* This work has been supported by a grant of the National 
Science Foundation (No. NSF-G 3342). Part of the results have 
been reported in preliminary form (1). 


diffusion, the size of the so-called pores of the membrane is 
assumed to approach the effective diameter of the diffusing solute 
particles. In this case, increasing the trans concentration would 
presumably depress the flux. Since the experiments on glycine 
flux show just the opposite effect, restricted diffusion can be 
dismissed, and only “exchange diffusion’”’ will be considered 
in the present connection. 

Exchange diffusion is defined as the movement of a solute 
across a membrane in strict mole-to-mole exchange for a similar 
solute moving in the opposite direction (5). As usual the kinetic 
treatment of exchange diffusion, given below, will be based on a 
simplified carrier model. The carrier is understood to be a 
hypothetical substance which is confined to the transport region 
of the membrane and which combines reversibly with the ‘“sub- 
strate” solute at either side of the region. For convenience, the 
complex formed by carrier and substrate will be considered mobile 
within the transport region. This mobility, however, may not 
be essential for exchange diffusion since Patlak’s noncarrier 
or “gate type” mechanism would also give a suitable model for 
the present purpose (6). 

The model becomes more complicated if exchange diffusion is 
associated with active transport. The two processes may in- 
volve either a single carrier mechanism or two different ones. 
In the first case exchange diffusion would not represent an 
independent mechanism but merely an accidental manifestation 
of the operating transport carrier. The relationship between 
this kind of exchange diffusion and the corresponding concentra- 
tions of the exchanging solute has been previously formulated 
(3). This formulation presumably applies also to the present 
system of glycine exchange; this seems especially plausible 
since evidence of a single mechanism underlying both active 
transport and exchange diffusion has been obtained and _ will 
be presented in this paper. The subsequent derivation, however, 
is greatly simplified by formally treating active transport and 
exchange diffusion as quasi-separate phenomena. This treat- 
ment seems permissible, even if both phenomena refer to the 
same mechanism, provided that certain conditions are met. 
These conditions are defined in the first two of the following four 
assumptions, upon which the derivation is based. (a) No net 
transport of glycine other than by active transport or free dif- 
fusion takes place. (b) The rate of active net transport under 
the prevailing experimental conditions is independent of the 
intracellular glycine concentration. (c) Both intracellular 
and extracellular spaces behave like homogeneous fluid compart- 
ments with respect to the distribution of glycine. (d) The 
hypothetical complex formed between glycine and exchange 
carrier is virtually at equilibrium with free glycine and free 
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carrier at both interfaces of the transport region. Assumptions 
(c) and (d) are in accordance with previous studies (3, 7). The 
following symbols are used: M;, and M,.x, the total influx and 
total efflux of glycine, respectively; M;.4 and M.x‘, components 
of total fluxes, referring to free diffusion; M;,° and M,..x°*, com- 
ponents of total fluxes, referring to movement in combination 
with carrier; A, rate of active net transport of glycine; and a,, 
concentration of glycine in cellular fluid. 

In accordance with previous derivations (4), each flux will 
be considered to consist of a free diffusion and a carrier com- 
ponent: 


Min = Mind + Mir® (1) 
Mex = Mex4 + Mex® (2) 


At constant extracellular glycine concentration the carrier com- 
ponent of the influx, M;,°, will depend mainly on the rate at 
which active carrier is supplied. According to our carrier model 
(cf. Fig. 4) this supply may become available by two pathways: 
by reformation of active carrier from an inactive precursor (step 
5), and by way of the reverse movement of undischarged carrier- 
glycine complex (step 2, in the outward direction). According 
to assumptions (a) and (bd), the first pathway represents active 
net transport, the rate of which, A, should be constant and in- 
dependent of a., under the experimental conditions. The 
second pathway represents exchange diffusion, which supplies 
active carrier at a rate equal to M.x*. Hence: 
Mint = A + Mex* (3) 
Combining equations (1), (2), and (3), we obtain: 
Min = Minx4 + A + Mex — Mex? (4) 


At constant extracellular glycine level, M.x and M..4 should be 
functions of the cellular glycine concentration, fi(a.) and f2(a.), 
respectively. Substituting 7 for Mj,4 + <A, which should 
be constant under these conditions, we obtain: 


Min = I + fila.) — felae) (5) 


The second function, f2(a.), should be equal to kya., where ky 
is the coefficient for free diffusion of glycine across the cellular 
membrane, or “leakage coefficient,’’ which has been estimated 
in a previous study (4). The term f,(a.) has been determined 
experimentally and is an approximately linear function of a, 
(Fig. 2). Hence, a plot of the total influx at constant glycine 
level of the medium against a, should give a fairly straight line, 
with a slope predictable from independent experimental data. 


EXPERIMENTAL 


Ehrlich mouse ascites carcinoma cells were obtained and 
prepared as previously described (2, 7). Samples of about 
250 mg. of cells (wet weight) were preincubated in special 
Erlenmeyer flasks with side arms to which Lusteroid centrifuge 
tubes were tightly fitted. The cells preloaded at 37° were 
quickly cooled to approximately 1 or 2° and transferred to the 
centrifuge tubes by tilting the flasks. The centrifuge tubes were 
disconnected and centrifuged at 1° at approximately 250 x g 
in order to prevent tight packing of the cells. Excess medium 
was removed by briefly washing the cells in plain, cooled Krebs- 
Ringer bicarbonate solution. After resuspension of the cellular 
mass in 0.1 ml. of fresh buffer solution, the tubes were fitted to 
the side arms of a second set of special Erlenmeyer flasks which 
contained 3 ml. of the final medium with labeled glycine. After 
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Fig. 1. Relative uptake of glycine-1-C" after preloading cells- 
with unlabeled glycine, @——®@, and control,g——4. O——O, 
the distribution ratios (R,) of total glycine after preloading, and 
O——O, the ratios without preloading. The initial glycine 
level in the preloaded cells was approximately 70 mM and that of 


the corresponding medium, approximately 7 mm. The ratio of 
1:20. Krebs- 


intracellular to extracellular space was about 
Ringer bicarbonate solution at 37° was used as medium. 


a short period of equilibration in the thermostat, the main in- 
cubation was initiated by mixing the dense cell suspension in 
the side arm with the medium of the main part of the flask. 
The subsequent procedure, including extraction, deproteiniza- 
tion, and determination of glycine and of radioactivity, has 
been described earlier (2). To determine sarcosine, lysine, and 
taurine the picric acid was removed by treatment with Norit 
A, and the volume was reduced by evaporation. An aili- 
quot was taken for paper chromatography. The intensity 
of the ninhydrin spots was estimated by a Spinco ‘“Analy- 
trol’ densitometer. Samples to be analyzed for a,y-diamino- 
butyrate and lysine were deproteinized with 50 per cent al- 
cohol in order to avoid losses by the combined treatment with 
picric acid and Norit A. N-acetylglycine was determined as 
glycine after acid hydrolysis in 1 N HCl for several hours in 
sealed test tubes in a boiling water bath. 


RESULTS 


Exchange between Glycine and Glycine—The effect of preload- 
ing cells with unlabeled glycine on the uptake of labeled glycine 
from the medium is illustrated by a typical experiment presented 
in Fig. 1. The ratio of intracellular to extracellular radioactivity 
rises more rapidly after preloading than it does in the control 
samples. This ratio, which normally tends asymptotically 
toward the steady state value, may, after preloading, temporarily 
exceed this value. In such cases, the accumulation reaches a 
peak after approximately 10 minutes and then drops gradually 
toward the final steady state value, along with the corresponding 
ratio of total glycine. An accelerated uptake of labeled glycine 
may result from an increased influx coefficient and from a de- 
creased efflux coefficient as well. The shapes of the curves in 
Fig. 1 suggest the former possibility but do not necessarily ex- 
clude the latter. The efflux coefficient would be expected to 


1 Unpublished results. 
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Fig. 2. Efflux of glycine (ordinate) at various intracellular 
glycine concentrations (bscissa). 


drop if the carrier became saturated by glycine from the inside 
of the cell. Fig. 2, however, shows that this is not the case. 
The efflux increases almost proportionally if the intracellular 
glycine concentration is raised to 50 mM. The slope of the curve 
indicates a virtually constant efflux coefficient of approximately 
1.0 ml. per gm. per minute. The intracellular sites of the car- 
rier mechanism seem to be far from saturation within this range 
of intracellular glycine concentrations. We conciude that 
preloading these cells with glycine causes a genuine increase of 
the influx coefficient for glycine. 

If the increase of the influx is the result of an increase of ex- 
change diffusion, Equation 5 above should apply, provided 
the underlying assumptions are valid with sufficient approxima- 
tion. As in all our previous studies, the following units will 
be used: fluxes (M) in wmoles per gm., dry weight; concentra- 
tions (a.) in mmoles per |.; and flux coefficients (k) in ml. per 
gm. per minute. According to Fig. 2, the coefficient dM../da, 
is constant and is approximately 1.0 ml. per minute per gm. 
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Inserting this value, together with the value 0.2 ml. per minute 
per gm. for the coefficient of free diffusion (k.) in Equation 5, 
we get: 


Min = (1.0 — 0.2)a, + I (6) 


From a plot of the influx at constant extracellular concentra- 
tion against a., a fairly straight line with a slope of about 0.8 
would therefore be expected. Fig. 3 presents such plots of 
three different experimental series. The curves are approxi- 
mately linear with slopes of 0.8, 1.0, and 1.1, respectively. The 
accuracy of these determinations is limited by the difficulty of 
maintaining a constant extracellular glycine concentration 
in the presence of wide variations of intracellular glycine con- 
centrations. Especially in the experiments described by 
Curves 2 and 3, the extracellular glycine concentration increases 
slightly from left to right. In the third series, however, the 
extracellular glycine concentrations were higher and about equal 
in all samples. This is apparently the reason why the slope 
of Curve 1 is equal to the theoretical value, whereas the slopes 
of Curves 2 and 3 are somewhat higher. A tentative correction 
for the variations of extracellular glycine level, based on a rough 
estimation, was found to bring the slopes of Curves 2 and 3 
close to that of Curve i. In view of the uncertainties involved, 
however, this correction is not presented here. Considering 
these experimental difficulties, the findings are essentially con- 
sistent with the hypothesis that the increase of the influx upon 
preloading the cell with unlabeled glycine represents an increased 
rate of exchange diffusion. 

Exchange between Glycine and Other Amino Acids—According 
to any carrier model of exchange diffusion, glycine should 
exchange not only with glycine (autoexchange) but also with 
other substances (heteroexchange), to the extent that these 
are able to form an appropriate complex with the glycine car- 
rier. Such heteroexchange, although not designated by this 
term, has been reported for phosphate and arsenate in the bac- 
terial cell by Mitchell (8). Accordingly, preloading the Ehrlich 
cells with compounds that compete for the glycine carrier is 
likely to stimulate the influx of glycine. The glycine derivatives, 
N-methylglycine (sarcosine) and N-acetylglycine, and some other 
amino acids such as pbt-alanine, ptL-a,y-diaminobutyrate, 
L-lysine, and taurine have been tested in this respect. Ac- 
cording to Christensen et al. (9-12) all these compounds, .except 
N-acetylglycine, are concentrated by the Ehrlich cell. We 
confirmed these findings, with the exception of taurine for which 
to the present time we have been unable to obtain unequivocal 
accumulation.!. We showed by paper chromatography that 
sarcosine does not lose its methyl group during the transport. 
Among the amino acids and derivatives mentioned, only sarco- 
sine (12) and pt-alanine (9) were found by Christensen et al. 
to interfere with the concentration of glycine. The authors 
proposed that these two compounds compete with glycine for 
the same carrier. This proposition seems to be supported by 
the data of Table I which show that sarcosine, if present in the 
medium, strongly depresses the influx of glycine and vice versa, 
whereas N-acetylglycine has no such effect. Also, pi-alanine 
was found to depress the influx of glycine and vice versa.! 
Under similar conditions L-lysine and taurine had no effect, 
and pL-a@,y-diaminobutyrate had only a slight depressing effect 
on the glycine influx.’ 

The effect of preloading the cells with these amino acids and 
derivatives is illustrated by some typical results presented in 
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Table II. The competitive compounds, sarcosine and DL- 
alanine, if present inside the cell, stimulate the influx of glycine. 
This effect is reciprocal, since the influx of both sarcosine and 
pi-alanine is enhanced by preloading the cells with glycine. 
Pretreatment of the cells with any of the other noncompetitive 
amino acids has no stimulating effect on the glycine influx. The 
tests with N-acetylglycine and taurine, however, are less valid 
since no unequivocal accumulation of these compounds inside 
the cells was observed in our experiments. The data shown in 
Table II support the view that the exchange reactions between 
carrier and substrate, taking place at both interfaces of the 
transport region, have the same chemical specificity and are, 
therefore, likely to be identical. 


DISCUSSION 


The experimental results show that the influx of glycine into 
Ehrlich carcinoma cells rises almost proportionally with an 
increasing level of intracellular glycine. In view of previous 
evidence, it is unlikely that this phenomenon results from an 
increased rate of active transport or from an increased permea- 
bility of the cell membrane to free diffusion. It has, instead, 
been interpreted as the result of an increased rate of exchange 
diffusion. The relationship between intracellular glycine level 
and influx has been derived mathematically on this basis and 
was found to be in approximate agreement with the experimental 
data. Further evidence for this view can be derived from 
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TABLE I 
Mutual inhibition of uptake between glycine and sarcosine 
The compounds to be tested for inhibition were added to the 
suspending medium simultaneously with the labeled glycine and 
sarcosine. The uptake of radioactivity per gm. of cellular dry 
weight during the Ist minute at 37° was divided by the mean ex- 
tracellular activity to obtain the relative uptake. 











Rela- | 
| | tive 
Labeled amino acid ton | Unlabeled compennd “uptake | Change 
activity! 
— ——S———————— ——— —| \- — 
mmoles/l. |ml./gm.| % 
Glycine-1-C"™. . a 0.5 | None | 16.8 | 
Glyeine-1-C™.....| 0.5 | 16 mM sarcosine 2.0 —88 
Glycine-1-C™. | 16.5 | 16 mM glycine | 2.5| —85 
Glycine-1-C"™. |} 0.5 16 mm N-acetylgly- | 14.5 | —12 
cine 
Sarcosine-1-C™. . 0.3 None 14.6 
Sarcosine-1-C™...| 0.3 1.4 | —90 


| 18 mM glycine 


| 


observations on heteroexchange, @.e., on exchange between 
glycine and other compounds. According to the carrier model, 
the rate of exchange diffusion is determined by the rate at 
which the loaded carrier moves in the outward direction regard- 
less of whether it is loaded with glycine or with other compounds, 


TABLE II 


Relative uptake of labeled amino acids after preloading cells with different amino acids 


The cells were preloaded with various unlabeled amino acids as indicated, for 20 or 30 minutes. 


The figures in parentheses give the 


approximate intracellular millimolar concentration of the preloading compound at the end of the experiment, as estimated by paper 


chromatography. 
acid to be tested for exchange. 
Ringer bicarbonate solution at 37°. 








ist Incubation period 
(preloading) 


In the second incubation period the cells were resuspended for 1 minute in a solution containing the labeled amino 
The values of relative uptake refer to cellular dry weight. 


In both periods the medium was Krebs- 








2nd Incubation period 





Addition to medium 





Glycine-1-C' | Experiment 1 

None 

12 mM glycine (15.0) 

12 mm N-acetyl glycine (3.6) 

12 mM taurine 
Experiment 2 

None 

12 mm puL-diaminobutyrate (25.0) 

12 mM sarcosine (20.0) 
ixperiment 3 

None 

15 mM pbL-alanine (24.0) 

15 mM p-alanine (17.0) 
Experiment 4 

None 

10 mM L-lysine (16.0) 
Experiment 5 

None 

9 mn glycine (15.5) 
Experiment 6 

None 

15 mM glycine (47.0) 

15 mm pu-alanine (30.0) 


Sareosine-1-C' 


pu-Alanine-2-C!™ 














(exchange) 
Addition to medium Relative uptake Change 
ml./gm. / 
3.0 mM glycine 9.2 
3.0 mM glycine 12.9 +41 
3.0 mm glycine 9.0 —2 
3.0 mm glycine 8.3 —10 
3.5 mM glycine 10.7 | 
3.5 mM glycine 10.2 -5 
3.5 mM glycine 14.0 | +31 
| | 
4.5 mM glycine 6.2 | 
4.5 mM glycine 8.6 +39 
.5 mM glycine | 9.7 | +57 
.5 mn glycine 8.3 
.5 mM glycine 9.0 +8 
‘ | 
3.5 mM sarcosine 3.6 
3.5 mM sarcosine 6.1 +70 
4.5 mm pDL-alanine 4.6 
4.5 mM pi-alanine 7.4 | +61 
4.5 mM pL-alanine 7.3 +58 
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Fic. 4. Schematic model of active transport, associated with 
exchange diffusion. Five essential steps are involved. The 
active carrier z combines with the amino acid a (Step 1) to form 
the complex az which moves across the transport region (Slep 2) 
and dissociates at the inner side of this region (Step 3). The 
carrier is catalytically inactivated to become y (Step 4). New 
active carrier is formed with the expenditure of metabolic energy 
(Step 5). Exchange diffusion involves only Steps /, 2, and 3 and 


requires that the reactions underlying Steps /, 3, and 4 are at 
least partly reversible. 


In agreement with this model, glycine has been shown to ex- 
change with sarcosine and alanine, both of which are competitors 
of glycine for the same transport mechanism. On the other 
hand, glycine did not exchange with those amino acids which 
do not compete with glycine and which, therefore, have no 
affinity for the glycine transport mechanism. These observa- 
tions suggest that the chemical specificity is the same for influx 
and for exchange diffusion and, consequently, that the chemical 
reactions between carrier and glycine at both interfaces of the 
transport region are equal. 

Sarcosine and pi-alanine depress not only the influx, but also 
the final steady state accumulation ratio of glycine and vice 
versa (12, 9). This means that these compounds compete for 
exchange diffusion and active transport as well. On the other 
hand, none of the other compounds investigated has an appreci- 
able effect on the active glycine accumulation by these cells (9). 
These findings are consistent with the interpretation that the 
chemical specificity of both active transport and exchange 
diffusion is the same and, consequently, that the carrier respon- 
sible for exchange diffusion is identical with the active transport 
varrier of glycine. 

The hypothesis of a single carrier system is not necessarily 
inconsistent with our mathematical derivation which treated 
exchange diffusion as “absolute,” i.e. as separate from active 
transport. As has been pointed out ‘above, such treatment 
should apply if the movement of unloaded active carrier within 
the transport region is small compared to the exchange rate 
and if the rate of net transport is constant. The following model 
(ef. Fig. 4), which is an extension of previously suggested models, 
seems to be consistent with all data in hand at this time. The 
carrier-glycine complex, arriving at the inner side of the mem- 
brane, unloads only part of its glycine into the intracellular 
fluid, whereas the remainder is merely exchanged with intra- 
cellular glycine or other substrates. Instantaneous catalytic 
“fnactivation” of the free carrier inside the cell prevents appreci- 
able outward movement of unloaded, active carrier, as postulated 
in the theoretical section. This inactivation is also essential 
for the accumulation process. It seems, however, to be in- 
creasingly reversible with rising intracellular level of free glycine 
or of any other substrate of the glycine carrier. The rate of 
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active transport, on the other hand, is determined by the rate 
at which the new active carrier is formed. If this formation is 
coupled with a metabolic reaction of constant velocity, active 
transport may be independent of the distribution ratio of glycine 
provided that this ratio is not too close to the thermodynamic 
equilibrium value. Although a constant rate of glycine transport 
in these cells has already been assumed on the basis of previous 
evidence (4), the final proof requires further evidence. 

More recently Rosenberg and Wilbrandt (13) reported that 
labeled glucose moves out of the red cell faster if unlabeled 
glucose or mannose is added to the suspending medium. Apart 
from the difference in direction of the movement of the solute 
concerned, this phenomenon closely resembles the one under 
discussion. The interpretation offered by the above authors, 
however, seems to deviate from ours on one fundamental point. 
In their derivation the increase in net movement of labeled 
glucose is essentially attributable to a depression of the opposing 
flux coefficient. Such depression should result if the carrier 
becomes saturated on the ‘trans’ side, towards which the net 
movement is directed, by the addition of unlabeled substrate. 
In our system, on the other hand, no such saturation on the 
corresponding “trans” side could be observed. Fig. 2 shows 
that the glycine efflux rises almost proportionally with the intra- 
cellular glycine concentration. We therefore conclude that 
preloading the cells with unlabeled glycine causes an increase 
of the influx coefficient and hence an increased net movement 
of labeled glycine into the cell, as previously discussed. Whether 
our interpretation applies to the phenomenon described by 
Rosenberg and Wilbrandt cannot be decided on the basis of the 
evidence available. The observations on both the red cells and 
the Ehrlich carcinoma cells, however, can be considered equally 
strong evidence of a specific transport carrier in the widest 
sense. 


SUMMARY 


1. Previous studies on the stimulating effect of preloading 
Ehrlich ascites carcinoma cells with unlabeled glycine on the 
uptake of radioactive glycine by these cells have been continued. 

2. It has been found that the influx coefficient of glycine, 
under otherwise constant conditions, rises almost proportionally 
with the intracellular glycine concentration, whereas the efflux 
coefficient remains practically unchanged. 

3. A hypothesis is presented which relates this increase of the 
influx coefficient to an increased rate of glycine exchange diffu- 
sion across the osmotic barrier of the cell. The increase of the 
influx, as calculated on the basis of the above hypothesis, was 
found to agree approximately with the corresponding experi- 
mental value. 

4. The exchange between glycine and various other amino 
acids has been tested in this connection. The results suggest 
that exchange diffusion and active transport of glycine have the 
same chemical specificity and, therefore, refer to the same 
mechanism. 

5. The above results are interpreted as supporting and ex- 
tending a previously proposed hypothesis on the transport 
mechanism for glycine into Ehrlich carcinoma cells. 


Acknowledgments—The authors wish to thank Dr. C. 5. 
Patlak and Dr. R. P. Durbin for reviewing and discussing this 
paper. 
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Previous investigations on the enzymatic mechanism of 
arginine synthesis have established that citrulline condenses 
with aspartic acid to form an intermediate compound, arginino- 
succinic acid, which subsequently undergoes conversion to 
arginine. The formation of argininosuccinic acid is accompanied 
by the utilization of ATP and the release of P;.!. The presence 
of myokinase in the enzyme preparations had prevented any 
conclusion as to whether ADP or AMP was formed in the re- 
action (1, 2). It has also been shown previously that two 
separable enzymes are involved in the reaction mechanism. 
Each of these has been purified, one from mammalian liver, the 
other from yeast. The yeast enzyme, which was inactive alone, 
caused a proportionate increase in activity when added to a 
fixed excess of the liver enzyme (38). 

The present studies are concerned with the respective functions 
of the participating enzymes, and with establishing the cleavage 
products of ATP. Some of the earlier results showed that the 
yeast enzyme also influenced the release of P;. Supplementa- 
tion of the liver enzyme with an excess of the yeast enzyme 
resulted in a 5-fold stimulation of argininosuccinate formation 
and a 10-fold increase in P; liberation. Expressed stoichio- 
metrically, the stimulation was such that the ratio of P; released 
to argininosuccinate formed was changed from a value of ap- 
proximately 1 to a value of almost 2. 

The possibility was considered that the cleavage of ATP might 
take place so as to liberate P-P, a type of cleavage originally dis- 
closed by Kornberg (4) in the reversible synthesis of DPN and 
subsequently found in a number of ATP-dependent reactions 
associated with the activation of acetate (5), amino acids (6), 
and sulfate (7, 8), as well as in the synthesis of pantothenic 
acid (9). As the results of the present investigation show, P-P 
and AMP are the products of the cleavage and the ratio of 2, 
mentioned above, can be accounted for by hydrolysis of P-P by 
the yeast enzyme simultaneously with the main reaction. 


RESULTS 


Identification of Yeast Enzyme as Inorganic Pyrophosphatase— 
Preliminary experiments designed to ascertain whether highly 


* Aided by a research grant from the National Science Founda- 
tion. 

+ Predoctoral Fellow, National Institute of Health. Taken in 
part from a doctoral dissertation submitted to the faculty of New 
York University. 

1The abbreviations used are: P-P, inorganic pyrophosphate; 
P;, orthophosphate; 3-PGA, 3-phosphoglyceric acid; and Tris, 
tris (hydroxymethyl)aminomethane. 


purified pyrophosphatase would substitute for the yeast enzyme 
were carried out. In two parallel experiments, the mammalian 
enzyme was supplemented either with yeast enzyme or with 
pyrophosphatase that had been recrystallized five times. It 
can be seen from the results shown in Table I that the low rate 
of condensation catalyzed by the mammalian enzyme was 
stimulated to approximately the same extent by crystalline 
pyrophosphatase as by the yeast enzyme. In both cases also 
the ratio of P; released to argininosuccinate formed or citrulline 
utilized (A P; to A citrulline) was increased from a value of 
approximately 0.7 to 2.0. 

For the present studies, purified mammalian enzyme was 
obtained from kidney rather than from liver. To obtain the 
data presented in Table I, the ATP was supplied in substrate 
amounts, for simplicity, although the condensation rate is there- 
by reduced to about one-half the usual rate given with cat- 
alytic amounts of ATP, phosphoglyceric acid, and an ATP-gen- 
erating system (2). 

Further corroboration of the identity of the yeast enzyme 
with pyrophosphatase was obtained by determining the ratio of 
pyrophosphatase activity to argininosuccinate-promoting ac- 
tivity during purification of pyrophosphatase. A summary of 
the results, given in Table IT, shows that there was no separation 
of the two activities over a 100-fold purification range.2. The 
crystals were then dried by exposure to acetone with some 
resulting inactivation. Both activities were lost to the same 
extent. 

Accumulation of P-P—More direct evidence for the position of 
cleavage of ATP was obtained from the finding that P-P is a 
primary product of the reaction. For this purpose the condensa- 
tion was carried out with relatively large amounts of the kidney 
enzyme in the presence of fluoride ion to inhibit the traces of 
pyrophosphatase known to be present as a contaminant. P-P 
was estimated enzymatically in a second incubation with highly 
purified pyrophosphatase. These conditions, as shown in 
Table III, almost completely repressed the liberation of P, 
and led to the accumulation of P-P in amounts equivalent to the 
utilization of citrulline. In the absence of fluoride, the sum of 
the P; found as P; and as P-P was twice the citrulline value. _ It 
is evident therefore that the P; which appears in the absence of 
fluoride does not originate directly from the terminal position 
of ATP but is derived secondarily from P-P. It should be 
mentioned in this connection that argininosuccinie acid forma- 
tion is not inhibited by the fluoride concentration used (0.01 ™). 


2 Previously reported as a brief communication (10). 
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TABLE [| 
Effect of thorganic pyrophosphatase on condensation rate and P; 
formation 
The reaction mixtures contained 400 wmoles of Tris buffer, pH 
7.5; 26.6 umoles of MgSO,; 15 umoles of ATP; 20 wmoles each of 
L-citrulline and L-aspartate; 0.7 or 0.8 mg. of kidney condensing 
enzyme, specific activity 59; and, where indicated, 90 units of 
yeast enzyme of specific activity 1100 or pyrophosphatase recrys- 
tallized five times, in a final volume of 4 ml. The incubation 
period was 20 minutes at 38°. 








Additions 
Experi- Ratio of 
ment ee 4 Phosphate* | A Citrulline | A phosphate to 
No. Yeast | Pyrophos- | A citrulline 
enzyme phatase 
me. me pmoles | pmoles 
l 0 0 +1.16 —1.60 0.72 
0.08 | 0 +15.2 —8.0 1.91 
2 0 | 0 +1.38 | -2.20 | 0.63 

0 | 0.020 | +21.3 1.95 


—10.9 | 
* Incubated controls from which citrulline and aspartate were 
omitted contained approximately 2 ymoles of P;, most of which 
was present at zero time. All the phosphate values have been 
corrected by this amount. 





The inhibition previously observed with crude enzyme prepara- 
tions (2) was caused by inhibition of pyrophosphatase. Inhibi- 
tion of condensation does occur, however, with fluoride 
concentration above 0.01 M. 

Manner of ATP Cleavage Associated with Formation of Ar- 
gininosuccinic Acid—The observations described thus far suggest 
a formulation involving two successive enzymatic steps repre- 
sented by Reactions | and 2 below. In the first step, the 
condensation catalyzed by the kidney (or liver) enzyme is 
accompanied by a cleavage of ATP at the 6-pyrophosphoryl 
bond. This is followed by « second step, catalyzed by pyro- 
phosphatase, in which the pyrophosphate is removed by hy- 
drolysis. 


Citrulline + aspartate + ATP 
= argininosuccinate + AMP + P-P (1) 
P-P + H.O > 2 P; (2) 
Citrulline + aspartate +ATP+HO0—> | 


argininosuccinate + AMP + 2P; (3) 


Reaction 3 (the sum of Reactions 1 and 2) represents the 
stoichiometry of the condensation at maximal velocities, 7.e. in 
the presence of an excess of pyrophosphatase. 

Role of Pyrophosphatase—Quite clearly the acceleration of the 
condensation rate is brought on by the removal of P-P. More- 
over, the ratio of the two activities, given in the last column of 
Table II, shows that under selected conditions, 7.e. in the presence 
of an excess of the mammalian enzyme, the velocity of condensa- 
tion depends directly on the velocity of P-P hydrolysis. In 
fact this dependence constitutes the basis of the assay of the 
yeast enzyme (3). The value for the ratio was found to be 
almost 3. If, to facilitate comparison, the pyrophosphatase 
activity is expressed as pmoles of P-P removed (rather than 
umoles of P; formed), then the pyrophosphatase activity is ac- 
tually only 1.5 times the condensation-promoting activity. Con- 
sidering that in the condensation-promoting assay, the hydrolysis 
of P-P arising from ATP cleavage probably takes place at P-P 


B. Petrack and S. Ratner 
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TaBLe II 
Condensation-promoting activity of yeast inorganic pyrophosphatase 


Conditions of fractionation and enzymatic assay were as given 
in the ‘‘Experimental”’ section. 





Specific activity 


Purification step | Ratio of pyro- 


. | Condensa- 
Eyer |lonpremot- | Phowphatar to 
promoting 
Autolysate......... 498 164 3.04 
Fractionation with (NH,).SO,. 853 278 3.07 
Ethanol fractionation . 19,300 6, 160 3.13 
Elution from alumina gel 37,100 11,900 3.12 
Crystallization. . 53, 200 16,700 3.19 
Acetone drying. 35,000 11,500 3.04 


* Pyrophosphatase activity is expressed as wmoles of P; lib- 
erated per mg. of protein per hour at 37°. 

{ Condensation-promoting activity is expressed as umoles of 
citrulline utilized per mg. of yeast protein per hour beyond that 
consumed with the condensing enzyme alone. 





Tase III 

Inorganic pyrophosphate formation in condensation reaction 

Each tube contained in a final volume of 4 ml., 30 wmoles each 
of L-citrulline and L-aspartate; 400 wmoles of Tris buffer, pH 7.5; 
5 umoles of ATP; 26.6 wmoles of MgSO,; 50 umoles of phospho- 
enolpyruvate; 0.3 mg. of purified pyruvic kinase; 1.5, 5.9, or 11.8 
mg. of kidney condensing enzyme (specific activity, 34), and fluo- 
ride in the final molarity indicated. The tubes were incubated 
for 20 minutes at 38°. 





| 


. . | Conditions Products Formed 
ixperi- aa Citrulli 
. a Pee uptake 
oS Same | Whworide | Pj P-P* 
/ = waite molarity pmoles pmoles pmoles 
1 5O 0.0 em 2.33 1.15 
5O 0.01 1.4 0.22 2.55 
2 200 0.0 8.0 11.0 4.6 
200 0.01 5.8 0.05 12.0 
3 400 0.0 15.5 20.2 10.1 
400 0.01 11.7 0.09 23.1 


* P-P is expressed as P; found after enzymatic hydrolysis. 





concentrations which are below pyrophosphatase saturation, the 
two activities are seen to be quite comparable. The condensa- 
tion-promoting activity of pyrophosphatase can therefore be 
ascribed entirely to the pyrophosphatase action. 

Reversal of Condensation and Specificity for AM P—The formula- 
tion of the mechanism given in Reaction 1 prompted a renewed 
examination of reversibility. When large amounts of the 
condensing enzyme were used, it was found that the cleavage of 
argininosuccinic acid, as measured by the appearance of citrulline, 
takes place in the presence of Mg*+, AMP, and P-P. However, 
the same amount of citrulline was formed when ADP was 
substituted for AMP. In order to obtain unequivocal proof of 
nucleotide specificity, it was necessary to remove the interfering 
myokinase activity. Treatment of a small portion of the enzyme 
with the anionic exchange agent, DEAE-cellulose (11), as de- 
scribed under “Experimental” removed most of the myokinase 
and resulted in some further purification of the condensing 
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TABLE IV 
Comparison of AMP and ADP as substrates for cleavage of 
argininosuccinic acid 

Each tube contained 20 umoles of L-argininosuccinate ; 12 umoles 
of sodium-P-P; 400 ywmoles of potassium maleate, pH 6.05; 28 
umoles of MgCl.; AMP or ADP as indicated, and 3.08 mg. of kid- 
ney condensing enzyme, specific activity 107 (330 units) in a 
final volume of 4.0 ml. The tubes were incubated for 10 minutes 
at 38°. 





Citrulline formed 
Amount of nucleotide added |— . 
With ADP 


_— = 
With AMP | 

| 
— i“ 


pmoles pmoles pumoles 
1.91 1.84 0.19 
3.81 2.38 | 0.28 
5.72 2.33 | 0.40 
7.62 2.28 0.46 








TABLE V 
Stoichiometry of argininosuccinic acid cleavage coupled to 
generation of ATP 
Each tube contained 50 ymoles of glucose; 30 wmoles of potas- 
sium fluoride; 10 umoles of AMP; 15 umoles of MgCl.; 250 wmoles 
of potassium maleate, pH 6.2; argininosuceinic acid and P-P as 
indicated; 0.32 mg. of purified yeast hexokinase (378 units (25)); 
0.3 mg. of purified muscle myokinase (4500 units (26)); and 4.1 
mg. of kidney condensing enzyme of specific activity 48 (198 
units) in a final volume of 3.0 ml. The tubes were incubated at 
38° for 60 minutes (Experiment 1) or 30 minutes (Experiment 2). 





Amount utilized or formed 
Substrates or Products 


Initial Final Net change 
umoles pmoles pmoles 
Experiment 1 
Argininosuccinie acid 13.1 10.8 —2.3 
P-P 14.4 12.1 —2.3 
P;. 4.6 4.6 0.0 
Citrulline 0.0 2.34 +2.34 
Glucose-6-P 0.0 4.44 +4.44 
Experiment 2 
Argininosuceinie acid.... 9.0 7.9 —1.1 
ra... eo 9.8 8.7 —1.1 
Ps. 3 3.67 3.67 0.0 
Citrulline 0.0 1.20 +1.20 
Glucose-6-P. ve] 0.0 2 


2.11 +2.11 





enzyme. The results of experiments carried out with this 
preparation are given in Table IV. AMP was found to be 
considerably more active than ADP. The small amount of 
citrulline found in the presence of ADP may be attributed to 
residual myokinase and to some contamination of the ADP by 
AMP. 

The nucleotide specificity seems to be restricted to AMP. 
The triphosphates of other nucleotides, such as inosinic, guanylic, 
and uridylic acids were found to be incapable of replacing ATP 
when tested in the forward reaction. 

Stoichiometry of Argininosuccinic Acid Cleavage—The spec- 
ificity of the requirements for reaction reversal, as well as the 
stoichiometric data given below, show that the cleavage of 
argininosuccinic acid to citrulline and aspartic acid represents a 
true reversal of Reaction 1. The relationship among arginino- 
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TaBLE VI 
Equivalence of citrulline and aspartic acid formation from cleavage 
of argininosuccinic acid 

Each tube contained 20 wmoles each of argininosuccinic acid, 
sodium-P-P, and AMP; 28 ymoles of MgCl.2; 400 umoles of Tris- 
maleate buffer, pH 6.1; and 4 mg. of kidney condensing enzyme, 
specific activity 30 (120 units) in a final volume of 4 ml. The 
incubation temperature was 38°. 





Incubation time Citrulline Aspartic acid 





min. pumoles pumoles 
20 0.93 0.99 
40 1.25 1.32 
60 1.47 1.54 





succinate disappearance, P-P utilization, and citrulline produc- 
tion was found to have the expected molar ratio of 1:1:1 (Table 
V). Since myokinase contaminated the enzyme, ATP forma- 
tion was estimated indirectly as glucose-6-P, according to the 
procedure of Kornberg (4). The incubations were carried out 
in the presence of glucose and an established excess of both 
hexokinase and myokinase to insure the formation of 2 moles of 
glucose-6-P for each mole of ATP originally formed. Since the 
incubations were somewhat prolonged, fluoride was also added 
to prevent removal of P-P by contaminating pyrophosphatase. 
The amount of glucose-6-P found (2 moles) corresponds to the 
formation of 1 mole of ATP with the cleavage of 1 mole of 
argininosuccinic acid. 

Aspartic acid formation in relation to citrulline was investi- 
gated in separate experiments, the results of which are given in 
Table VI. Aspartic acid was estimated spectrophotometrically, 
at the end of the reaction, from the oxidation of DPNH produced 
by coupling glutamic-aspartic transaminase with malie dehy- 
drogenase, a procedure suggested by Pfleiderer et al. (12). 
Aspartic acid and citrulline were liberated in equivalent amounts. 
These results, considered in connection with the data in Table 
V, show that citrulline and aspartic acid were the only amino 
acids formed from the cleavage of argininosuccinic acid. 


Some Characteristics of Reverse Reaction 


Effect of pH—The velocity of the backward reaction shows a 
marked dependence on pH (Fig. 1) and displays an optimum at 
pH 6 with acetate or Tris-maleate buffer. The optimum in the 
acidic region contrasts with the alkaline pH maximum shown in 
the forward reaction (pH 8.7) under conditions of pyrophos- 
phatase excess (3), where, among other complex changes, the 
cleavage of ATP to 2 moles of P; would be expected to release 
approximately 2°H*. 

It was of interest to explore the pH dependence of the con- 
densation reaction in the forward direction in the absence of 
pyrophosphatase (Reaction 1) since the pyrophosphorolytic 
cleavage of ATP would then be associated with the release of 
less H*. These experiments were carried out under conditions 
similar to those used to obtain the data of Table IIT, that is, with 
large amounts of the kidney enzyme in the presence of fluoride. 
The optimum was found to be approximately pH 8.5. 

Effect of Time and Enzyme Concentration—The velocity of the 
backward reaction falls off rapidly with time and with enzyme 
concentration (Figs. 2 and 3). The reasons for the departure 
from linearity are not fully understood. Since the course of the 
time curve suggests approaching equilibrium, an attempt was 
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made to stimulate the rate by adding an excess of potato apyrase 
in order to remove ATP and regenerate AMP. No stimulation 
was found. 

In the absence of any assurance that even the 10-minute 
incubation period represents initial velocities, no attempt was 
made to pursue the kinetics for enzyme-substrate affinity 
measurements. However, provisional values for the optimal 
substrate concentrations were obtained from 10-minute velocity 
measurements, varying one substrate at a time. The process 
was repeated until the optimum for each substrate was de- 
termined in the presence of optimal levels of the other sub- 
strates. The substrate concentrations found to be optimum were 
the ones used to observe the time course of the reaction and the 
dependence on enzyme concentration (Figs. 2 and 3). Exhaus- 
tion of one of the substrates seems therefore to be excluded as an 
explanation of the rapid decline in rates. 

P; Liberation Utilizing a Generating System for ATP—As 
mentioned above, a A P; to A citrulline ratio of 2 was found in 
previous experiments with purified ox liver enzyme. This ratio 
was observed only when the ATP was supplied directly in sub- 
strate amounts. With a generating system which consisted of 
catalytic amounts of ATP, substrate amounts of 3-PGA, and a 
crude rabbit muscle fraction as the source of glycolytic enzymes, 
the ratio found was usually approximately 1.6 (2, 3). Similar 
observations (Experiment 1, Table VII) have also been obtained 
in the present studies with condensing enzyme prepared from hog 
kidney. Since a ratio appreciably less than 2 is incompatible 
with the stoichiometry of Reaction 3, it was of interest to resolve 
the discrepancy. 

The crude rabbit muscle fraction that is used for the generation 
of ATP from 3-PGA contains phosphoglycerie mutase, enolase, 
and pyruvic kinase. It also contains an ATPase-like activity. 
The latter is responsible for most of the P; liberated in the in- 
cubated controls (amino acid substrates omitted from otherwise 
complete reaction mixtures) which were included to provide the 
correction blank. Studies carried out by Meyerhof and Juno- 
wicz-Kocholaty (13) and more detailed investigation by Krimsky* 
indicate that the ATPase activity is largely caused by Reactions 
4and 5 as shown below. 


3-PGA + ATP = 1,3-diphosphoglyceric acid + ADP (4) 
1,3-diphosphoglyceric acid + H.O = 3-PGA + Pj; (5) 


The equilibrium for Reaction 4, catalyzed by phosphoglyceric 
kinase, (present also in the crude muscle fraction) is far to the 
left, but displacement in the direction of the formation of 1,3- 
diphosphoglycerie acid may readily be brought about by the 
rephosphorylation of ADP which occurs in the presence of 3-PGA 
and the generating system.* The unstable 1,3-diphospho- 
glyceric acid so formed then undergoes dephosphorylation 
(Reaction 5) which results in a liberation of P; from ATP and 
ultimately from 3-PGA. The conditions for promotion of 
Reactions 4 and 5 were most favorable in the incubated controls 
where argininosuccinic acid formation and concomitant ATP 
utilization were absent. The blank value so obtained for P; 
teleased by these side reactions will therefore be appreciably 
higher than that which occurs in the presence of the condensation 
reaction which successfully competes with phosphoglyceric 
kinase for ATP. 


The validity of this explanation is borne out by the results 


* Personal communication from I. Krimsky (to be published). 
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Fig. 1. Dependence of argininosuccinate cleavage on pH. 
Each tube contained 30 wmoles of L-argininosuccinate, 28 wmoles 
each of sodium-P-P and MgCle, 15 umoles of AMP, 800 umoles of 
Tris-maleate or sodium acetate buffer, and 2.53 mg. of kidney 
condensing enzyme, specific activity 45 (114 units) in a final vol- 
ume of 4.0 ml. The incubation temperature was 38°. Acetate 
buffer, O——O; Tris-maleate buffer, @——®. 
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Fig. 2. Dependence of argininosuccinate cleavage upon time. 
Each tube contained 20 wmoles of L-argininosuccinate, 28 wmoles 
each of sodium-P-P and MgCle, 10 umoles of AMP, 400 umoles of 
Tris-maleate buffer of pH 6.05, and 2.0 mg. of kidney condensing 
enzyme (specific activity 30) in a final volume of 4.0 ml. The 
incubation temperature was 38°. 
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Fig. 3. Dependence of argininosuccinate cleavage upon enzyme 
concentration. Incubation conditions were the same as indicated 
in Fig. 2 except that kidney condensing enzyme of specific activity 
59 was used in the amounts indicated. 


obtained with two generating systems which contained purified 
enzymes. When phosphoenolpyruvate and highly purified 
pyruvic kinase were used (Experiment 2, Table VII), a A P; to 
A citrulline ratio of 2.02 was obtained. With the use of a 
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TaB.e VII 


Effect of ATP-generating system on release of P; in presence and 
absence of ATP utilization 


Each tube contained 30 umoles each of L-citrulline and L-as- 
partate; 400 umoles of Tris buffer, pH 7.5; 5 umoles of ATP; 26.6 
umoles of MgSO,; 1.47 mg. of kidney condensing enzyme, specific 
activity 30 (50 units); 0.018 mg. of pyrophosphatase; and in addi- 
tion, for Experiment 1, 50 umoles of 3-PGA and 3 mg. of lyophil- 
ized rabbit muscle fraction; for Experiment 2, 50 wmoles of phos- 
phoenol pyruvate and 0.3 mg. of purified pyruvic kinase; and, 
for Experiment 3, 50 umoles of 3-PGA, 0.33 mg. of purified PGA 
mutase, 0.4 mg. of purified enolase, and 0.3 mg. of purified pyruvic 
kinase in a final volume of 4 ml. All tubes were incubated for 20 
minutes at 38°. 





| | | j 
lA Pjamino AP; | A Ratio of A 





Additions [acids | Complete | corrected | Citelline| SRA 
| pmoles pmoles | pmoles | pmoles | 
Experiment 1 | | 
3-PGA and crude | | | 
muscle fraction.| +9.2 | +30.7 | +21.5 | —13.4) 1.60 
Experiment 2 
Phosphoenol pyru- | 
vate and pyruvic | 
kinase....... +2.0 | +27.4 | +25.2 | —12.6 | 2.02 
Experiment 3 | 
3-PGA, PGA mu-) | 
tase, enolase, py- | | | 
ruvie kinase...../ +2.4 | +34.8 | +32.4 | —15.7 | 1.90 





generating system which resembled the one in muscle and con- 
sisted of 3-PGA and a mixture of the purified enzymes phos- 
phoglyceric mutase, enolase, and pyruvic kinase, but without 
phosphoglyceric kinase, a ratio of 1.9 was obtained. The 
crude muscle fraction continues to be useful as a conveniently 
available ATP-generating system. With respect to P; meas- 
urements, however, the presence of phosphoglyceric kinase 
should be recognized as an interfering factor. 

Since AMP is the immediate product of ATP cleavage, the 
coupling of any ATP-generating system with argininosuccinate 
formation requires the presence of myokinase. There was, 
however, sufficient myokinase in the kidney enzyme (and crude 
muscle fraction) to make further supplementation unnecessary 
in the experiments of Table VIL. 


DISCUSSION 

The evidence presented above supports a mechanism. for 
argininosuccinic acid formation that involves concomitant 
cleavage of ATP to AMP and P-P. In a clarification of this 
aspect of the condensation reaction, the data obtained serves to 
establish much more conclusively than earlier studies that one 
P-P bond of ATP is required for the formation of the amidine 
C—N bond in the guanidine group of argininosuccinic acid. 


NH, NH he NH, 

| 

| 

c—O-—— c—on —£ATP_. c—yar’ -— c=nr’ 
| | +NH, | | 

NH NH | NH NH 

| | R | | 

R R R R 

I II III IV 
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The reversibility of the reaction is of interest in that it permits 
the eventual evaluation of the “energy level” of C—N bonds of 
this type. The cleavage of this bond is associated with the 
generation of ATP. The equilibrium position of the reaction 
has not yet been estimated, but the relative ease of reversibility 
suggests that the “energy level’’ may prove to be closer to 
ATP than that of the amide bond of glutamine (14). 

Since the cleavage of argininosuccinic acid to arginine and 
fumaric acid is a reversible reaction which involves a AF® of 
+2778 calories (15, 16), it follows as a consequence of the 
present findings that the over-all conversion of citrulline to 
arginine should be readily reversible in the absence of pyro- 
phosphatase. 

The nature of the phosphorylation step which probably 
precedes the actual condensation is of considerable interest. 
From a chemical point of view it has been suggested that phos- 
phoryl transfer from ATP to the ureido carbon of citrulline 
rather than to the amino group of aspartic acid is the most 
likely possibility (1-3). In view of the new findings as to the 
position of ATP cleavage, two possibilities must be considered: 
(a) adenyl transfer and (b) pyrophosphoryl transfer. Experi- 
ments are in progress to distinguish between the two. The 
ATP-activating systems described by other investigators involve 
the formation of acid anhydrides by interaction with the phos- 
phorus of adenylic acid. Analogy with these reactions and the 
chemical relationship between citrulline and the disubstituted 
carbodiimides used in the Khorana synthesis of nucleotide 
triphosphates (17) favor the possibility of an adenylate of 
citrulline, possibly enzyme-bound, as seems to be the case with 
the acyl adenylate compounds (5, 6) formed in the acetate and 
amino acid activating systems. 

Investigations of hydroxamic formation under a variety of 
conditions have produced negative results. ‘The remote pos- 
sibility of activation at one of the carboxyl groups seems, there- 
fore, to be unlikely. The compound formed by adenyl attach- 
ment at the citrulline ureido carbon (Formula IL) would not 
possess the typical acid anhydride structure. 

The pyrophosphatase activity of mammalian liver and kidney 
is normally very high and crude preparations of the condensing 
enzyme obtained from these sources contain an excess of mam- 
malian pyrophosphatase. The stimulation of 5-fold or more 
produced by excess pyrophosphatase is an unusually pronounced 
effect. Although the removal of P-P by a hydrolytic reaction 
seems to be wasteful, energetically, this step serves to pull the 
condensation reaction in the direction of synthesis. Indeed, 
with preparations of the condensing enzyme which are entirely 
free of pyrophosphatase, the stimulation exerted by excess 
pyrophosphatase becomes considerably greater than 5-fold. 

Whether the inhibition exerted by P-P is caused by a direct 
effect on the condensing enzyme or to an unfavorable equilibrium 
has yet to be established. There is some indication that both 
effects may be involved. The removal of argininosuccinic acid 
by an excess of the enzyme which cleaves argininosuccinate to 
arginine and fumarate did ..V¢ result in a stimulation of the rate 
of condensation. On the other hand, the ease of reversibility 
seems to indicate that the equilibrium position of the condensa- 
tion reaction is not markedly in the direction of synthesis. 

Because of the low activity in the absence of pyrophosphatase, 
possibly tissue pyrophosphatase functions under physiological 
conditions in a similar capacity, as a stimulator of arginino- 
succinate formation. The participation of pyrophosphatase in 





Dece! 


this ¢ 
night 
influer 


Enz 
was p 
by th 
In th 
elute 
eluate 
the ac 
u solu 
same 
activi 
most. 
35. 
tion i 
as pr 
umole 
prepa 
Pi rel 
umole 
estim: 

In 
an, eX 
em. ¢ 
sium 
on th 
the s: 
peak. 
the « 
the p 
activi 

My 
from 
pyruy 
(19). 
cent 
phos} 
tions 

Th 
prepa 
from 
Hepp 
eryst 
activ 
ment 
times 
perin 
indet 
phos} 
the 
umol 
prom 
disap 
previ 
of ci 
that 

Gl 


cord) 





10. 6 


rmits 
ds of 
1 the 
ction 
ility 
-r to 


- and 
Mo of 
' the 
ie to 
DVTO- 


vably 
prest. 
phos- 
ulline 
most 
0 the 
ered: 
‘peri- 
The 
volve 
phos- 
d the 
tuted 
otide 
te of 
with 
e and 


ty of 
- pos- 
there- 
ttach- 
d not 


idney 
‘nsing 
mam- 
more 
unced 
ction 
ll the 
deed, 
tirely 
PXCESS 
L. 

direct 
brium 
both 
e acid 
ate to 
e rate 
ibility 
lensa- 


atase, 
ogical 
‘inino- 
ase in 





December 1958 


this capacity suggests also that arginine and urea formation 
might be controled in vivo at the condensation step, possibly by 
influencing the level of activity of pyrophosphatase. 


EXPERIMENTAL 


Enzyme Preparations and Assays—The condensing enzyme 
was prepared from an extract of acetone-dried hog kidney (18) 
by the fractionation procedure previously used for ox liver (8). 
In the alumina Cy step, higher ionic strength was required to 
elute the kidney enzyme. After discarding three successive 
eluates (0.002, 0.005, and 0.005 m potassium phosphate, pH 7.5), 
the activity was removed from the gel by two elutions with 0.01 
u solutions of the same buffer. A second fractionation with the 
same gel was only partially successful in raising the specific 
activity. The preparation of the condensing enzyme used for 
most of the experiments had a specific activity of approximately 
35. Activity was estimated from the rate of citrulline utiliza- 
tion in the presence of excess yeast enzyme (pyrophosphatase), 
as previously described (3). Specific activity is expressed as 
umoles of citrulline utilized per mg. per hour at 38°. The 
preparation contained traces of pyrophosphatase (3.0 wmoles of 
P; released per hour per mg.) and appreciable myokinase (0.7 
pymoles of AMP utilized per minute per mg.). Protein was 
estimated as before (3). 

In order to remove myokinase from the condensing enzyme, 
an exploratory fractionation was carried out with a 5.5 X 3.2 
em. column of DEAE-cellulose (11) washed with 0.002 m potas- 
sium phosphate buffer, pH 7.5. 84 mg. of the enzyme were put 
on the column in 10 ml. of the same buffer and were eluted with 
the same buffer. The activity emerged with the first protein 
peak. After precipitation with ammonium sulfate and dialysis, 
the column treatment was repeated. The specific activity of 
the preparation finally obtained (9 mg.) was 112. Myokinase 
activity was reduced to trace amounts. 

Myokinase activity was estimated spectrophotometrically 
from the rate of DPNH oxidation in the presence of phosphoenol 
pyruvate, pyruvic kinase, lactic dehydrogenase, AMP, and ATP 
(19). Activity is expressed as umoles of AMP utilized (50 per 
cent of the DPNH oxidation). The two latter enzymes and 
phosphoenol pyruvate were highly purified commercial prepara- 
tions purchased from Boehringer Soehne, Germany. 

The yeast enzyme used (Table I) was similar to previous 
preparations (3). Inorganic pyrophosphatase was prepared 
from yeast by a combination of the fractionation procedures of 
Heppel and Hilmoe (20) through the gel step, and then was 
crystallized according to Kunitz (21). The preparation with the 
activity indicated in Table II was used in all but the first experi- 
ments. The pyrophosphatase that had been recrystallized five 
times (specific activity, 72,000) and that was used for an ex- 
periment shown in Table I was prepared by Dr. Kunitz. We are 
indebted to Dr. W. Maas for a gift of the material. Pyro- 
phosphatase activity was estimated at 37° but otherwise under 
the conditions of Kunitz. Specific activity is expressed as 
umoles of P; liberated per mg. per hour. Condensation- 
promoting activity was estimated from the rate of citrulline 
disappearance in the presence of excess condensing enzyme, as 
previously described (3). Specific activity is expressed as umoles 
of citrulline utilized per mg. of protein per hour in excess of 
that utilized by the condensing enzyme alone. 

Glutamic-aspartic transaminase, prepared from pig heart ac- 
cording to the method of Cammarata and Cohen (22), was 
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processed as far as the first alcohol fractionation only, and then 
lyophilized. After storage at 0°, the preparation catalyzed the 
formation of 2.6 umoles of oxaloacetate per minute per mg. of 
protein. Estimation was accomplished spectrophotometrically 
with DPNH through coupling with purified malic dehydrogenase 
in a manner similar to the procedure of Karmen (23). The lat- 
ter enzyme preparation was purchased from Worthington Bio- 
chemical Corporation. The transaminase preparation contained 
high malic dehydrogenase activity which amounted to 14.6 
umoles of malic acid formed (DPNH oxidized) per minute per 
mg. when assayed under the conditions of Mehler et al. (24). 

Purified preparations of yeast hexokinase (25), muscle myo- 
kinase (26), hexose phosphate isomerase (27), muscle phos- 
phoglyceric mutase (28), enolase (29), potato apyrase (30), and 
argininosuccinate-cleaving enzyme (16) were prepared and 
assayed as described. The crude muscle fraction (52 to 72 per 
cent (NH,).SO, saturation) was a lyophilized preparation (1). 

Analytical Methods—The incubations were stopped with 1.5 
ml. of chilled 8.3 per cent trichloroacetic acid per ml. of incuba- 
tion mixture. Citrulline was estimated colorimetrically in 0.1 
ml. of the filtrate as before (31). When reaction reversal was 
under observation, a more sensitive procedure which included 
use of 1 ml. of the filtrate with 2 ml. of the acid mixture and 0.15 
ml. of the diacetyl monoxime reagent was adopted. P; was 
estimated in the filtrate by the Lohmann and Jendrassik pro- 
cedure (32). P-P was estimated as P; after incubation of a 
sample of the neutralized filtrate with 0.020 mg. of pyrophos- 
phatase (Table ITT), or after heating for 10 minutes with 1 N 
HCl (Table V). 

To obtain the stoichiometric data given in Table V, mixtures 
for the zero time and incubated tubes were prepared in dupli- 
cate. One of each pair was deproteinized with 3 ml. of 10 per 
cent trichloroacetic acid to keep the P-P in solution. Aliquots 
of the filtrate were used for the estimation of Pj, acid-labile 
phosphorus (P-P) and citrulline. The duplicates were deprotein- 
ized by heating for 2 minutes at 100° and the clarified aliquots 
were then taken for the estimation of argininosuccinic acid with 
splitting enzyme and arginase (16) and for the spectrophoto- 
metric estimation of glucose-6-P by TPN reduction in the 
presence of glucose-6-P dehydrogenase as described by Korn- 
berg (4). It was necessary to add hexose phosphate isomerase 
to the mixture used for assay of glucose-6-P, since hexose phos- 
phate isomerase contaminated the condensing enzyme. 

Aspartic acid (Table VI) was estimated spectrophotometrically 
according to Pfleiderer et al. (12) by DPNH oxidation in the 
presence of a-ketoglutarate, transaminase, and malic dehydro- 
genase. Approximately 1.5 mg. of the transaminase preparation 
were required to convert about 0.04 umoles of aspartic acid to 
malic acid in 3 minutes at room temperature in a final volume of 
1.1 ml. The transaminase preparation contained sufficient malic 
dehydrogenase for the assay. Added aspartic acid was recovered 
within 5 per cent. Heat-deproteinized aliquots of the incubation 
mixture were used for assay. 

All spectrophotometric analyses were performed at 340 my 
in a Beckman model DU spectrophotometer with 1-ml. cuvettes 
which had a light path of 1 cm. 

Substrates—The nucleotide triphosphates and DPNH were 
purchased from the Sigma Chemical Company. t-Citrulline, 
3-PGA (1), and L-argininosuccinic acid (15) were prepared as be- 
fore. 
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SUMMARY 

1. The reversible formation of argininosuccinic acid from 
citrulline and aspartic acid is accompanied by the cleavage of 
adenosine triphosphate to adenosine monophosphate and _in- 
organic pyrophosphate. 

2. In the reverse reaction, the cleavage of argininosuccinic 
acid is accompanied by the formation of adenosine triphosphate 
and the utilization of inorganic pyrophosphate in amounts equiv- 
alent to the citrulline and aspartate formed. 
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3. Some characteristics of the reverse reaction are described. 

4. Of the two enzymes which participate in argininosuccinate 
formation, one has been shown to catalyze formation of arginino- 
succinate. The second has been identified as inorganic pyrophos- 
phatase. 

5. Argininosuccinate-forming activity is extremely low in the 
absence of inorganic pyrophosphatase. The role of this enzyme 
in argininosuccinate formation is discussed. 
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a-e-Diaminopimelic acid was discovered by Work in 1949 (1) 
as a constituent of Corynebacterium diphtheriae. It was also 
described as occurring in a peptide fraction obtained from Myco- 
bacterium tuberculosis by Asselineau et al. (2). Since the time 
of these reports distribution of the amino acid has been sys- 
tematically investigated by Work (3). She found the compound 
to be generally present in the bacteria (gram-positive cocci 
excepted) and blue-green algae. Moreover, DPA! is almost 
exclusively limited to these organisms and, when present, is 
concentrated in the cell wall (4, 5). Also, Work (6) and Davis 
(7) have provided evidence that this acid is a precursor of lysine. 

Little information is available concerning the biosynthesis of 
this compound. A racemase capable of interconverting meso- 
and t-DPA has been described (8), and aspartic acid has been 
shown to be a precursor of 4 of the 7 carbon atoms (9). How- 
ever, nothing is known of the origin of the other carbon atoms 
nor of the steps between aspartic and DPA. This report is 
concerned with a description of an enzyme system obtained from 
Escherichia coli which is capable of synthesizing DPA from its 
early precursors. A preliminary report of these findings has 
already appeared (10). 


EXPERIMENTAL 


M-26-26, a lysine auxotroph of FE. coli strain W (7), was ob- 
tained from Dr. B. D. Davis. The media of Davis and Min- 
gioli (11) were used for growth. The isomers of 8-hydroxy- 
diaminopimelic acid (12) were the gift of Dr. J. M. Stewart and 
Dr. D. W. Wooley. DPA was isolated from culture filtrates of 
M-26-26 according to the procedure of Work (13). Aspartate, 
uniformly labeled with C'™ was isolated by column chroma- 
tography on Dowex 50 from an acid hydrolysate of Thiobacillus 
thiooxidans, grown on CQO, as the sole source of carbon. The 
hydrolysate was a gift of Dr. J. Lospalluto. 

For determination of specific radioactivity, compounds were 
oxidized to CO»z with the Folch-Van Slyke reagent (14). The 
CO. was precipitated as BaCOs; and filtered on paper disks, 
2.84 em? in area. The radioactive disintegrations were counted 
with an end window Geiger tube for a time sufficient to give a 
probable error of less than 3 per cent. The samples were cor- 
rected for self-absorption with use of the data of Yankwich et al. 
(15). 
(16) was used for the colorimetric determination of DPA. Toa 
sample volume of 0.13 ml., which contains 5 to 80 yg. of the 
acid, are added 0.07 ml. of concentrated HCl and 0.40 ml. of a 


* Aided by a research grant from the National Institute of 
Arthritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service. 

+ Scholar in Cancer Research of the American Cancer Society. 

' The abbreviation used is: DPA, a-e-diaminopimelic acid. 


A modification of the acidie ninhydrin method of Chinard. 


5 per cent solution of ninhydrin in methyl Cellosolve (Carbide 
and Carbon Chemicals Company). After the mixture is heated 
for 20 minutes in a boiling water bath, 4.40 ml. of a propanol- 
water mixture, 1:1 in proportion, are added, and the absorbancy 
of the solution is measured at 420 my. In the Klett-Summerson 
photoelectric colorimeter, 9.5 ug. of DPA give a reading of 100. 
The assay is linear over the entire range of the colorimeter. 
Furthermore, the procedure can be used directly on incubation 
mixtures which contain up to 30 mg. of protein per ml., provided 
the flocculated protein is removed by centrifugation after the 
dilution with propanol-water. Data bearing on the specificity 
of the method are presented in Table I. The use of this method 
has already been mentioned in another connection (17). Work 
has also observed that DPA gives a yellow color with acidic 
ninhydrin (18). Protein concentrations were det rmined spec- 
trophotometrically according to the method of Warburg and 
Christian (19). 
RESULTS 

Resting Cells—It is known that M-26-26, a lysine-requiring 
strain of FZ. coli, accumulates DPA (7). It seemed possible that 
a study of this accumulation would yield information concerning 
the origin of the carbon skeleton of this substance. Accord- 
ingly, the organism was grown overnight on 0.5 per cent glucose, 
Medium (A-C) (11), and 30 wg. per ml. of lysine. Cells from 1 
]. of medium were harvested in the cold by centrifugation, 
washed, and resuspended in 15 ml. of 0.1 m phosphate buffer at 
pH 7.0. The cells were placed in flasks which contained solu- 
tions of the composition indicated in Table II, and aliquots 
were withdrawn for DPA analysis. Since the incubation mix- 
tures do not contain lysine, growth of M-26-26 is not possible; 
thus synthesis of the acid is observed in a resting cell system. 
As can be seen in Table II, DPA is synthesized in such a system 
with glucose as the sole carbon source and ammonia as the 
nitrogen source. When the ammonia is replaced by aspartic 
acid, twice as much DPA is produced. This result is in agree- 
ment with the isotope data of Roberts et al. (9), which indicate 
that aspartic acid is a precursor of DPA. However, when the 
NH; is replaced with homoserine, virtually no synthesis occurs. 
This observation also supports the findings of Roberts et al. (9) 
who eliminated homoserine and also threonine as possible pre- 
cursors of DPA. 

It is of considerable interest that aspartic acid alone will not 
lead to extensive DPA synthesis, but that the vield of DPA 
obtained from aspartic acid is augmented 7-fold by the addition 
of pyruvate. These results suggest that pyruvate can serve as 
an efficient source of the 3 carbon atoms of DPA not derived 
from aspartate. 

In control experiments, it was found that cells of the wild 
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TaBLeE | 
Specificity of colorimetric assay of DPA 





| Relative | | 


Relative 
Compound molar Compound | molar 
| extinction | extinction 
eas acer ween 100.0 | Glutathione...... 2.1 
8-Hydroxy-DPA | 
(isomers B). . 61.1 | Phenylalanine... .| 1.7 
| Histidine......... 12 
8-Hydroxy-DPA | 
(isomers A).... | 32.3 | Aspartic acid. ... | 
| Methionine. . 0.3 
6 21.6 Serine...... peal 0.3 
Cysteine. .. is 18.5 | Alanine..... teat @ 
Cystine......... = 12.7 | Arginine..........| 0 
Proline. ........ 8.6 | Glutamic acid....| 0 
Lysine......... 4.8 OC ee | 0 
Tryptophan.... 5.3 | Threonine..... J 0 
Hydroxyproline... 4.8 | Isoleucine.... 0 
Ornithine...... 4.3 Giyeme..........<| 0 
Pipecolic acid. 2.4 | Leucine.......... | 0 





type do not accumulate DPA even when supplemented with 
glucose and aspartic acid. 

Cell-free Extracts—Since it was established that pyruvic and 
aspartic acids are efficient precursors of DPA it seemed feasible 
to attempt to obtain this synthesis in a cell-free system. Once 
again M-26-26 was selected, this time because it lacks DPA- 
decarboxylase, thus, any of the acid formed in an extract ob- 
tained from M-26-26 would not be metabolized further to 
lysine. 

Cultures of M-26-26 were grown overnight on Medium A-C 
(11), 0.5 per cent glucose, and 30 yg. of lysine per ml., with 
shaking in half-filled 1-1. flasks. The following morning, 1 1. of 
culture was used to inoculate 10 1. of the same medium in a 
20-1. carboy fitted for vigorous aeration. After 6.5 hours, when 
logarithmic growth had ceased, the cells were harvested in a 
refrigerated Sharples centrifuge and washed twice with several 
volumes of 0.033 m phosphate buffer, pH 7. The yield was 25 
gm., wet weight. The cells were suspended in an equal volume 
of the same buffer and broken up in a Raytheon 9 kc. sonic 
oscillator for 30 minutes. Half of the amount of cells was 
disintegrated at a time. Cell debris was removed by cen- 
trifugation at 10,000 x g for 20 minutes. The supernatant 
fluid contained 56 mg. of protein per ml. The extract was 
dialyzed against 100 volumes of 0.033 m phosphate buffer, 
pH 7.0, for 18 hours. Dialysis in this case not only removes 
endogenous cofactors but, in addition, reduces the zero time 
blank, since M-26-26 grown under these conditions has already 
accumulated large amounts of DPA. 

Table III presents data on the requirements for maximal 
synthesis of this acid in such an enzyme preparation. Some 
variability has been observed with different preparations; in 
particular, the ATP requirement is usually not as marked with 
imidazole buffer. However, when imidazole is replaced with 
phosphate buffer, the ATP requirement is always manifested. 
With the preparation used for the experiments indicated in 
Table III, there was only a 22 per cent stimulation upon addition 
of TPN. However, as much as a 600 per cent stimulation has 
been observed with another preparation. It is perhaps not 
surprising that there should be some variability among individual 
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experiments with crude extracts. The system is complex and 
probably requires the concerted action of seven or eight enzymes, 
These must act in the presence of a number of competing enzymes 
capable of reacting with the initial reactants and the intermediary 
products. -Moreover, these requirements may not be the only 
ones to be discovered necessary for DPA synthesis, since very 
prolonged dialysis results in complete inactivation. 

Some study was made of the effects of possible inhibitors on 
the enzyme system. Because of the recent finding that penicillin 
prevents cell wall synthesis in F. coli (20), and because DPA is 
a prominent constituent of the bacterial cell wall, it seemed 
pertinent to ascertain the effect of penicillin on synthesis of this 
acid in the cell-free system. Up to 8000 units of penicillin per 
ml. were found to be without effect on DPA synthesis. How- 
ever, synthesis was completely depressed by 0.02 m CN>- and 
by 0.01 M AsO,*. 

Since it was possible that pyruvate stimulated DPA synthesis 
in both the resting cell and cell-free systems through some means 
other than that of serving as a source of carbon atoms, an ex- 
periment to test this possibility was performed with isotopically 
labeled aspartic acid. Since glutamic acid had been shown not 


TABLE II 

DPA production in resting cell system 

The system included solutions of the following composition: 
250 umoles of potassium phosphate buffer, pH 7.0; 20 umoles of 
MgS0O,; 30 mg., wet weight, of cells M-26-26. The volume was 
adjusted to 2.50 ml. with water. Incubation continued for 2 
hours at 37° in 50-ml. Erlenmeyer flasks. The following concen- 
trations of the indicated additions were used: glucose, 140 umoles; 
(NH,)2SO,, 150 umoles; potassium-pL-aspartate, 50 umoles; so- 
dium-pyruvate, 280 umoles; and pL-homoserine, 50 umoles. 





Additions DPA formed 
pmoles/ml 
Glucose + ammonia. 0.46 
Glucose + homoserine. 0.02 
Glucose + aspartate 0.95 
Aspartate. . 0.08 
Pyruvate + aspartate...,... 0.58 








Tasce III 
Requirements for enzymatic synthesis of DPA in dialyzed cell-free 
E. coli extracts 
The preparation included 100 wmoles of imidazole buffer, pH 
7.0; 10 umoles of MgSO,; 10 umoles of ATP; 0.15 umoles of DPN; 
0.15 umoles of TPN; 20 umoles of sodium pyruvate; 25 umoles of 
potassium-pL-aspartate; 2 umoles of potassium-L-glutamate; and 
E. coli extract with 20 mg. of protein. The volume was 1.00 ml 
incubation continued for 1 hour at 37°. 





Component omitted DPA synthesized 


pmoles 
None 2.65 
Aas .. Be peste 0.81 
DPN. err 1.39 
TPN.... 2.17 
Glutamate Benes 0.58 
Pyruvate 0.79 


Aspartate......... 0.02 
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to be a direct precursor of DPA in E. coli (9), and since the 
system utilizes two other possible sources (aspartate and pyru- 
vate) for the DPA carbon skeleton, experiments in which label 
is present only in one should provide a means of evaluating the 
relative contribution of the two sources to the carbon skeleton. 

The experiment was performed with uniformly labeled as- 
partate under the conditions noted in Table III, except that 
t-aspartic acid, uniformly labeled with C“, was used at one-half 
of the previous concentration. The reaction was stopped by 
the addition of 0.5 volumes of 12 per cent trichloroacetic acid. 
After centrifugation was completed, 25 mg. of 2,4-dinitrophenyl- 
hydrazine solution in 3 ml. of boiling ethanol were added to the 
supernatant solution. After standing for 1 hour, the solution 
was extracted continuously with benzene for 2.5 hours. The 
benzene was concentrated and extracted with dilute NaHCOs. 
Acidification of the bicarbonate solution yielded 11 mg. of the 
2,4-dinitrophenylhydrazone of pyruvic acid, m.p. 218 to 220°. 
An aliquot of the hydrazone was converted to CO2 by wet 
combustion for determination of its radioactivity. 

The benzene-extracted aqueous phase was passed through a 
resin bed (20 ml.) of Duolite A-7, carbonate form. The effluent 
was concentrated in a vacuum to 2 ml. and placed on a column 
of Dowex 50 (0.8 & 21 em.), hydrogen form. This column was 
eluted with 96 ml. of 1.5 s HCl and then followed by 2.5 n HCl. 
Aliquots of fractions were analyzed for amino acid according to 
the procedure of Moore and Stein (21). Two bands were ob- 
tained. The first peak at 42 ml. was shown by chromatography 
on paper in several solvent systems to consist of alanine; the 
second peak to consist of a mixture of L- and meso-DPA. The 
alanine and DPA were determined by colorimetric assay, and 
aliquots were oxidized to COz for determination of radioactivity. 

The data obtained in this experiment are presented in Table 
IV. The added aspartic acid had a specific activity of 915 ¢.p.m. 
per umole. If the DPA had been derived entirely from the 
aspartate, the specific activity would have been 1600 c.p.m. 
per pmole. The observed specific activity of 862 ¢.p.m. per 


TaBLe IV 
Incorporation of aspartic acid-C'%* into DPA 
Conditions were as noted in Table III but with 12.5 wmoles of 
C-labeled potassium-L-aspartate per ml. E. coli extract with 
15.5 mg. of protein per ml. was included. The volume was 10 ml. 




















Amount Specific activity 
Substance - --| ——— — 
0 time 1 hr. Otime | thr 
- y | 
pmoles pumoles é hed | soa! 
Aspartate. 125 0 915 
Pyruvate 200 75 134 
Alanine 70 97 
DPA PF 862 
* Aspartic acid-C™ represents aspartic acid uniformly labeled 
i I I ) 
with C'. 
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umole is reasonable support for the proposal that 4 of the carbon 
atoms of DPA originate from aspartate. The radioactivity of 
the pyruvate is a measure of the extent to which aspartic acid 
carbon is converted to pyruvate. This is also true of the radio- 
activity of the alanine. The specific activity of the pyruvic 
acid is higher than that of the alanine since the former represents 
a sample of pyruvate obtained at the end of the experiment, 
whereas alanine is produced continuously from pyruvate during 
the experiment. The data are concordant with the results in 
vivo which indicated that aspartate contributes to only 4 of the 
carbon atoms of DPA. Moreover, the finding of appreciable 
amounts of isotope in the pyruvate explains why aspartate, in 
its role as the sole carbon source in the resting cell system (Table 
IT), can contribute to both portions of the DPA. It also ex- 
plains the more stringent requirement for aspartate as contrasted 
to pyruvate in the enzyme system (Table IIT). 


DISCUSSION 


By means of the use of resting cells of 2. coli M-26-26 and an 
enzyme extract prepared from this mutant, it has been possible 
to verify that aspartic acid is a precursor of 4 of the carbon atoms 
of DPA. In addition, it has been possible to present evidence 
that pyruvate can function as an efficient source of the other 3 
carbon atoms. At present little can be said about the precise 
forms of the 3 and 4 carbon pieces which condense to form the 
carbon skeleton of DPA. The requirements for ATP and for 
pyridine nucleotide are plausible in terms of an activation of the 
pyruvate or of the aspartate or of both, and a condensation and 
reduction to the oxidation level of DPA. The glutamate may 
have a dual function, i.e. as a supplier of the second amino group 
and as a source of the succinyl side chain (17) which seems to 
be involved in DPA synthesis. 

Since a cell-free extract can synthesize this acid from pyruvate 
and aspartate, it must contain all of the enzymes engaged in 
this biosynthesis. Thus a means is provided of testing possible 
intermediates without concern for questions of penetration into 
the cell. Indeed, one such intermediate, N-succinyl-1-DPA 
(17), is nutritionally inactive, and a confirmation of its role as an 
intermediate was obtained through its ready conversion to DPA 
in the cell-free system. 


SUMMARY 


A cell-free system has been obtained from the lysine auxo- 
troph of Escherichia coli M-26-26, capable of synthesizing di- 
aminopimelic acid from aspartic acid and pyruvic acid. A 
requirement for Mgt+, adenosine triphosphate, diphospho- 
pyridine nucleotide, triphosphopyridine nucleotide, and glu- 
tamate has been established. The results indicate that 4 and 3 
of the 7 carbon atoms of diaminopimelic acid are derived from 
aspartate and pyruvate, respectively. 
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Considerable information concerning the effects of amino acid 
imbalance has accumulated (1-6), and some of the salient fea- 
tures of this phenomenon have been discussed in a recent review 
(7). Although efforts are being made (8-15) to explain the 
underlying mechanism, the physiological or metabolic changes 
associated with the induction of an amino acid imbalance are 
still unknown. Recently, Deshpande et al. (16, 17), who main- 
tained weanling rats on a low protein diet which contained fibrin, 
detected decreases in the percentage of absorbed nitrogen re- 
tained, in total nitrogen retention, and in food consumption 
within 24 hours after induction of an amino acid imbalance. It 
was suggested that the diminished food intake and the rapid 
decrease in percentage of absorbed nitrogen retained by the 
weanling rats might be an indication of their reduced ability to 
utilize the imbalanced diet. Attempts to equalize the food in- 
take by forcibly feeding the imbalanced diet resulted in the death 
of animals in 2 to 3 days. It was therefore thought that rats 
trained to eat only during « single short interval each day might 
be used in order to equalize food intake and to eliminate the pos- 
sible nonphysiological conditions of forced feeding (18). It was 
also thought that this procedure should stimulate increased in- 
gestion of the imbalanced diet and thereby magnify the effects 
observed earlier. The results of such an investigation are in- 
cluded in the present report. In addition, the effects of amino 
acid imbalance on the nitrogen balance of protein-depleted adult 
rats and adult rats trained to eat for only 2 hours each day have 
been compared. Both ad libitum and pair-fed control animals 
were used. 


EXPERIMENTAL 


The animals in all the experiments were male, adult rats of 
either the Sprague-Dawley or the Holtzman strain. Their 
weights ranged from 120 to 150 gm. For growth experiments 
rats were housed in individual, suspended cages. The ni- 
trogen balance studies were carried out with standard metabol- 
ism cages. Water was supplied ad libitum in all experiments. 

The basal diet (Diet A) in these experiments was essentially 
that described earlier (16, 17). It contained, in the percentages 
indicated, fibrin, 6; salt mixture, 4 (19); corn oil, 5; vitamin sup- 
plements! 0.25; choline chloride, 0.15; and dextrin as the carbo- 
hydrate source to make up 100 per cent. The imbalanced diet 
(Diet B) was prepared by incorporating in Diet A, 0.4 per cent 
of pi-methionine and 0.6 per cent of pi-phenylalanine, which 
had been shown to produce a severe imbalance in weanling rats 


* Published with the approval of the Director of the Wisconsin 
Agricultural Experiment Station. Supported in part by a grant 
from the Nutrition Foundation Inc., New York. 

' Crystalline vitamins were kindly provided by Merck Sharp 
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(16, 17). In some experiments, the levels of these amino acids 
were increased to 0.6 and 0.9 per cent respectively. Diet C, 
designed to correct the imbalance and stimulate growth (16), 
contained in addition to the methionine and phenylalanine in the 
imbalanced diet, 0.2 per cent of L-leucine, 0.2 per cent of pL- 
isoleucine, 0.4 per cent of pi-valine, and 0.6 per cent of 1-histi- 
dine-HCl. The protein-free diet was of the same composition 
as the basal diet except that the fibrin was replaced by dextrin. 
Diets A, B, and C were made isonitrogenous by the addition of 
t-glutamic acid and were fed to the animals under different 
conditions as described below. 

Feeding Ad Libitum—Rats which weighed between 130 and 
150 gm. were initially offered the basal diet for 4 to 5 days after 
which they were sorted into groups (6 animals per group). They 
were then offered the various experimental diets ad libitum. 

Single Daily Feeding (Spacc-Feeding)—Male rats that weighed 
approximately 150 gm. were fed the basal diet ad libitum for 7 
days. They were then given the same ration for only 2 hours 
each day during the next 2 weeks. During this training period 
there was an initial loss in weight, but after a week the animals 
began to gain weight. At the end of the 2-week training period 
rats which had gained the same amount of weight and which 
were consuming the same amount of food were selected for the 
subsequent experiments. Two groups of rats (6 animals per 
group) were then placed in metabolism cages and continued on 
the same regimen for a period of 7 days to allow them to adapt 
to the new environment. These rats then became the subjects 
of the growth and nitrogen balance studies; one group was given 
Diet A and the other was offered Diet B. 

Protein Depletion—For this purpose, rats which weighed be- 
tween 150 and 160 gm. were fed the protein-free diet for 1 week. 
The animals lost approximately 20 to 25 gm., and only those 
rats which showed similar weight losses were selected and separ- 
ated into groups consisting of 6 rats each. The rats were then 
used for both growth and nitrogen balance studies. 

In most of the experiments in regard to nitrogen balance, in- 
dividual 24-hour collections of urine and feces were made, but in 
a few experiments urine and feces for a 3-day period were 
pooled. Spilled food was separated from feces, and the amount 
of nitrogen in it was determined and subtracted from the gross 
nitrogen intake. Nitrogen determinations on urine samples 
were made by the micro-Kjeldhal method. The nitrogen con- 
tent of the feces and the food was determined by the macro- 
Kjeldhal procedure. 


RESULTS 


Values for food consumption and weight gain of rats fed for 
only 2 hours per day have been plotted in Fig. 1. Although the 
rats had been trained to eat approximately 12 gm. of diet during 
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the 2-hour feeding period, those which received the imbalanced 
diet consumed consistently less than this amount except on the 
first day. Their rate of gain was also slower than that of the 
control group. 

The weight gains of protein-depleted rats fed the basal diet 
or the imbalanced diet are presented in Fig. 2. There was a 
marked retardation of growth when the imbalanced diet (Diet 
B) was given. 

The effects on the growth of adult rats of Diets A, B, and C 
under different conditions are summarized in Table I. The rate 
of gain of rats offered the imbalanced diet ad libitum was only 
37 per cent of that of the control group. The growth rates were 
lower when the rats were fed for only 2 hours each day, but the 
value for the group fed the imbalanced diet was 47 per cent of 
the control value. In contrast to the relatively low rate of gain 
of rats which were fed for only 2 hours per day, protein-depleted 
rats given the balanced diet grew very rapidly. Protein-de- 
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Fig. 1. Influence of amino acid imbalance on the rate of weight 
gain and food intake of space-fed rats. @——®@, gain in weight 
of control group; O- - -O, gain in weight of imbalanced group; 
——., daily food intake of control group; - - -, daily food intake of 
imbalanced group. 
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Fig. 2. Effect of amino acid imbalance on the rate of weight 
gain of protein-depleted rats. @——®@, gain in weight of control 
group; O——O, gain in weight of imbalanced group. 
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TABLE | 
Influence of amino acid imbalance on rate of gain of adult rats 





} Gain in weight 





Diet Ad libitum feeding 
los | Protein- | . 
Nondepleted | depleted |Space-feeding 
5 stim eee seca = a 
gm. | gm. gm. 
A. 6% Fibrin. ........... 4 51 | 19 
B. 6% Fibrin + 0.4% put-methio-| 
nine + 0.6% pu-phenylala-| | 
RN ite ee ct gs a 9 20 i) 
C. 6% Fibrin + 0.4% pi-methi- | 
onine + 0.6% pu-phenyl- | | 
alanine + 0.2% pt-isoleu- | 
cine + 0.2% u-leucine + | 
0.3% pt-valine + 0.1% | 
L-histidine:HCl....... | 33 | 52 | 





pleted rats ingesting the imbalanced diet also gained more 
rapidly, but their rate of gain was still only 39 per cent of that 
of their control group. Diet C, which was supplemented to cor- 
rect the imbalance, did not augment the growth of protein-de- 
pleted rats as it did that of nondepleted adult rats. 

Results which show the influence of amino acid imbalance on 
the nitrogen balance of adult rats fed under different conditions 
are presented in Tables II, II] and IV. Since there was a de- 
crease in the food intake of both protein-depleted and nonde- 
pleted rats when they were offered the imbalanced diet ad 
libitum, pair-fed control animals were included. The food con- 
sumption of rats fed for only 2 hours per day was not appreci- 
ably reduced within 24 hours after they eaten the imbalanced 
diet, but a considerable decrease in food intake was noted on the 
2nd day. ‘Therefore, in these experiments too, a pair-fed con- 
trol group was included. 

The nitrogen intake of rats given Dict B ad libitum (Table 
II) decreased to less than half that of the control group, and the 
value for the percentage of absorbed nitrogen retained fell to 
approximately two-thirds of the control value. However, the 
percentage of absorbed nitrogen retained by pair-fed controls was 
lower than that of the imbalanced group. When the levels of 
methionine and phenylalanine were increased to 0.6 and 0.9 per 
cent, respectively, similar results were obtained. Further 
nitrogen balance studies revealed that these effects of amino 
acid imbalance persisted: on the 2nd day. 

Results presented in Table III show that similar effects of 
amino acid imbalance on the nitrogen balance were obtained 
with protein-depleted rats. 

The results presented in Table [V, obtained with rats fed for 
only 2 hours per day, merit special attention. When the ciffer- 
enee between the food intake of the control group and that of 
the imbalanced group was small (Ist day), neither the amount 
of nitrogen excreted nor the percentage of absorbed nitrogen re- 
tained was significantly lowered, as was anticipated. On the 
2nd day, when the nitrogen intake decreased by 33.8 per cent, 
the value for the percentage of absorbed nitrogen retained fell. 
In these experiments, too, the pair-fed control rats retained some- 
what less nitrogen than did the group given the imbalanced diet. 
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TaBLeE II 


Effect of amino acid imbalance on nitrogen balance of nondepleted adult rats (ad libitum feeding)* 





Diet | Nitrogen intake | 
oe oe eee iP eee ae 

6% Fibrin (control) | 187.343.3 | 32 
6% Fibrin + 0.4% pu-methionine + 0 6% | 

pL-phenylalanine | $2.3 + 4.9 23. 
Pair-fed control... 82.3 + 4.9 27. 
6% Fibrin (control) ; 150.5 + 6.7 35. 
6% Fibrin + 0.6% pu-methionine + 0.9% | 

pL-phenylalanine. . | 110.6 + 3.3 29. 
Pair-fed control. . 110.6 + 3.3 39 


* Figures represent the mean for 6 rats + the stands wd ¢ error. 





Urinary nitrogen 





Nitrogen retained 





Fecal nitrogen 
| 
| 
| 


mg. mg per cent oni 
.0O+1.9 28.8 + 1.4 66.4 + 2.1 3.3 + 0.6 
7+ 1.7 2164215 | 4621.1 —2.3 + 1.5 
6 + 1.6 20.1 + 1.0 41.5 + 0.8 -0.3 + 0.9 
4+ 0.6 28.2 + 1.6 56.7 + 1.6 3.6 + 1.3 
4+ 3.0 34.6 + 2.0 41.5 + 0.7 —5.0 + 1.4 
9+ 1.8 28.3 + 3.5 37.5 + 2.6 —4.1 + 0.2 


Tas_e III 


Effect of amino ac id imbalance on nitrogen balance 








of protein-depleted adult rats (ad libitum fe eding)* 





Diet | Nitrogen intaket Urinary nitrogen Fecal nitrogen Nitrogen retained Change in weight 
sdisiolaniemitietictail a eee —_ 
mg. meg. meg. per cent gm. 

6% Fibrin (control). ...| 483.0 + 6.0 90.3 + 5.9 106.8 + 4.9 59.9 + 1.1 19.2 + 3.8 
6% Fibrin + 0.4% pu-methionine + 0.6% 

pL-phenylalanine ...| 227.84 5.7 | 69.9 43.7 58.8 + 5.2 43.7 + 1.5 3.2 + 2.1 
Pair-fed control... 227.8 +5.7 | 91.9 + 7.0 57.3 + 5.9 32.9 + 5.0 2.3 + 2.1 

* Figures represent the mean for 6 rats + the standard error. 

+ 3-Day experimental period. 

TaBLe LV 


Conditions Nitrogen intake | 


Urinary nitrogen | 


Effect of amino acid imbalance on nitrogen balance of space Sed rats* 


Fecal nitrogen Nitrogen retained | Change in weight 


mg meg. mg per cent gm. 

(+24 hrs. | 
6% Fibrin (control) | 134.8 + 1.7 23.542.3 | 2441.9 67.6 + 2.5 2.0 + 0.5 

6% Fibrin + 0.4% methionine + 0. 6% | 
phenylalanine. | 129.1 + 1.2 | 25.0 + 1.8 | 23.6 + 2.2 62.7+0.8 | 0.8 + 1.3 

| | | 

24-48 hrs. | 
§% Fibrin (control) | 138.2 + 1.3 20.542.0 | 2241.2 65.9 + 0.9 2.8 + 0.4 

6% Fibrin + 0.4% methionine + 0.6% | 
phenylalanine........................ | 91.5 + 2.6 21.4 + 1.6 18.6 + 2.0 53.3 + 2.% —2.0 + 1.5 
Pair-fed control........................ | N5+26 | WS+22 | W820 | 4.3421 | 1.0 + 1.9 





* The figures represent the mean for 6 rats + the standard error. 


DISCUSSION 


The results of the present investigation of the influence of 
amino acid imbalance on adult rats support earlier observations 
on weanling rats (17). Even rats that had been trained to eat 
for only 2 hours per day were unable to consume as much of the 
imbalanced diet as of the basal ration; however, the decrease in 
food intake was smaller than that of animals fed ad libitum. 


| This may be the result of the ability of the trained rats to eat a 


large amount of food in a short time. On the Ist day of this 
experiment both groups of rats consumed the same amount of 
diet, but on the 2nd day the food intake of the group fed the im- 
balanced diet was less. These results indicate that the decrease 
in food intake is probably the result of some metabolic disorder 


consequent to the ingestion of the imbalanced diet rather than 
to low palatibility of the imbalanced diet. Evidence now ac- 
cumulating in this laboratory further supports this possibility. 
The results of the studies of protein-depleted rats indicate that 
the imbalanced diet is not properly utilized for the synthesis of 
tissue proteins. Thus, during the 10-day growth period, rats 
fed the basal diet gained 51.5 gm., whereas those fed the imbal- 
anced diet gained only 20.0 gm. Although the supplements of 
leucine, isoleucine, valine, and histidine corrected the imbalance, 
there was no marked stimulation of growth over and above that of 
the control group. The failure of the additional amino acids to 
augment growth, as was observed in nondepleted rats, indicates 
that the amino acids in 6 per cent of fibrin are utilized to the 
maximal extent by protein-depleted rats. It seems that the 
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addition of methionine and phenylalanine to a diet which con- 
tained 6 per cent of fibrin decreased utilization of those four 
amino acids. The interrelationship among these amino acids is 
being investigated further. 

Ingestion ad libitum of the imbalanced diet brought about a 
significant decrease in nitrogen intake and in percentage of ab- 
sorbed nitrogen retained (Tables II and III). However, the 
pair-fed control animals in all these experiments (Tables II, 
III, IV) showed a diminution in the retention of ingested nitro- 
gen as great as or greater than that of the imbalanced groups. It 
is difficult to separate the effects on nitrogen retention from those 
on food intake. The rat apparently makes a physiological ad- 
justment within a short time after ingesting this kind of imbal- 
anced diet, as is indicated by the decrease in food intake within 
24 hours when the imbalanced diet is substituted for the balanced 
diet. If it were possible for the rat to utilize a small quantity 
of imbalanced diet as efficiently as it utilizes a similar small 
quantity of balanced diet, very little difference between the 
nitrogen retention of the imbalanced group and that of the con- 
trol group would be expected under conditions of pair-feeding. 

The performance of the pair-fed control group was generally 
somewhat inferior to that of the group fed the imbalanced diet. 
However, the performance of the pair-fed control groups may be 
influenced by several factors. Thus, aside from a low calorie 
intake, which itself may cause reduced nitrogen retention (20), 
and a protein intake insufficient to meet the requirements for 
normal growth decreased utilization of food and low gain in 
weight may also be partly the result of ingestion of the limited 
daily ration in a short period of time. The critical role of the 
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time factor in the utilization of amino acids has been emphasized 
in the work of Geiger (21-23), Cannon (24), and others (25-27). 
Increased catabolism of body proteins would be expected when 
the pair-fed control animals undergo a relatively long period with- 
out food. Such an effect can be observed very clearly during 
the Ist week when rats are being trained to consume their entire 
daily ration in 1 to 2 hours (28). In contrast, rats given the 
imbalanced diet eat over a longer period of time and do not un- 
dergo a period of fasting despite their low food intake. 


SUMMARY 


The influence of amino acid imbalance on growth and nitrogen 
retention of adult rats has been studied under different conditions 
of feeding. 

Rats trained to eat a large amount of a low protein (6 per cent 
of fibrin) basal diet in a single, short, daily interval were unable 
to consume an equivalent amount of the diet after the addition 
of amino acids which caused an imbalance. 
on this regimen for 10 days was retarded. 

Gain in weight of normal or protein-depleted adult rats given 
the imbalanced diet ad libitum was markedly reduced. 

Nitrogen intake of nondepleted rats, of protein-depleted rats 
fed ad libitum, and of rats fed for only 2 hours per day was clearly 
decreased when the animals ingested an imbalanced diet. Under 
each of these conditions the percentage of absorbed nitrogen re- 
tained was also substantially reduced. 


The growth of rats 


There was a considerable difference between the performances 
of control animals which were pair-fed and those which were fed 
ad libitum. 
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Oxidation of adenine by acetic acid-hydrogen peroxide mix- 
tures has been shown to result in the addition of one atom of oxy- 
gen (1, 2); the product, obtained in 80 to 90 per cent yield, has 
been shown by identification of degradation products to be 
adenine 1-N-oxide (3). This oxidation product can be quanti- 
tatively reduced to adenine by catalytic hydrogenation. 


NH, 
O | 
N 
N 
| 
N’ \N 
H 


A variety of derivatives of adenine are readily oxidized under 
these conditions and most of these products have also been 
demonstrated to be 1-N-oxides. However, the other common, 
naturally occurring purines do not readily yield similar deriva- 
tives. Although several adenine derivatives, including ribosy] 
derivatives, require the presence of both acetic acid and hydro- 
gen peroxide, adenosine 5’-phosphate can be partially oxidized 
to AMP 1-N-oxide by 6 per cent aqueous hydrogen peroxide.! 
Adenine 1-N-oxide is stable for long periods in neutral aqueous 
solution; in mixtures with adenine-8-C™ there is no tendency 
toward a transfer of oxygen between adenine 1-N-oxide and 
adenine molecules (2). 

The stability of such N-oxides is thus compatible with their 
presence in biological media, and, in view of the roles of adenine 
in nucleic acids and in many coenzymes, particularly those in- 
volved in oxidation-reduction processes, explorations of pos- 
sible biological significance of these derivatives have been un- 
dertaken. We have now compared the effects of adenine and 
its oxide, and their derivatives, in several biological systems. 


EXPERIMENTAL 


Tissue Culture Inhibition Experiments—In these experiments 
(4, 5) 2-day-old cultures of mouse sarcoma 180 and mouse em- 
bryonic skin growing in a serum embryo extract medium were 
exposed to graded concentrations of the compounds for 24 hours. 


* This investigation was supported in part by funds from the 
American Cancer Society, the National Institutes of Health, 
United States Public Health Service (Grants No. CY-3190 and 
CY-3192), and from the Atomic Energy Commission (Contract 
No. AT(30-1)-910). 

'M. A. Stevens, H. W. Smith, and G. B. Brown, in preparation. 


The cultures were then fixed and stained, and the incidences of 
nuclei engaged in mitosis and of nuclei undergoing degeneration 
were determined by counts in the outgrowths under the micro 
scope. Some experiments were also carried out with cells of 
human epidermoid carcinoma No. 2, taken from continuous culti- 
vation in a semisynthetic medium containing serum and simi- 
larly exposed to the agents. Some experimental summaries 
are presented in Table I, with numbers rounded to the nearest 
per cent except for values of 0.5 or below. 

Bacterial Experiments—Preliminary experiments were car- 
ried out, by a modification of the filter paper disk procedure (6), 
to test for the ability of adenine 1-N-oxide to substitute for 
adenine in maintaining the growth of a number of purine-re- 
quiring mutants of Bacillus subtilis and Escherichia coli The 
results are shown in Table IT. 

A quantitative determination of the ability of adenine 1-N- 
oxide to support growth was performed with a chemically de- 
fined liquid medium (M-25) (7). An aqueous solution of the 
oxide was sterilized by filtration through a sintered glass filter, 
grade UF; adenine was sterilized by autoclaving. One drop of 
an undiluted culture of B. subtilis 9 which had been previously 
grown in M-25 medium containing 0.1 mM adenine and washed 
twice with M/15 phosphate buffer, pH 6.8, was added to a series 
of flasks containing varying levels of adenine or its oxide in a 
total volume of 10 ml. of M-25 medium. After incubation, 
with shaking, at 37° for 17 hours, the turbidity of each flask 
was measured in terms of optical density at 560 mu. The re- 
sults are shown in Table ITI. 

Guthrie (8) has found that an adenine-requiring mutant of 
B. subtilis, when grown in the presence of adenine, is inhibited 
by 2,6-diaminopurine. In view of this observation, a study of 
the effect of diaminopurine upon B. subtilis 9, growing on ade- 
nine or adenine 1-N-oxide, was undertaken. Incubation and 
inoculum conditions were similar to those indicated above; 
diaminopurine was sterjized by autoclaving. The results are 
shown in Table IV, 

Effects of Adentne and Adenine 1-N-Oxide in Preventing In- 
hibition of Growth of Sarcoma 180 by Diazooronorleucine—Sub- 
cutaneofs implants of sarcoma 180 were made in groups of 10 
female Swiss mice weighing 18 to Beginning 24 hours 
later the following was injected intraperitoneally into the ani- 


22 gm. 


ae 


? Kindly supplied by Dr. Robert Guthrie, Roswell Park Memo 
rial Institute, Buffalo, New York, who had characterized them with 
respect to purine requirements. 
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mals on each of seven consecutive days: 0.25 ml. of 0.02 m phos- 
phate buffer, pH 6.8, containing 0.5 per cent carboxymethy]- 
cellulose, and 150 mg. of diazooxonorleucine alone per kg. of 
body weight or combined with 100 mg. of adenine or adenine 
1-N-oxide per kg. of body weight. The day following the last 
injections, the tumor sizes were evaluated by measurement in 
situ through the skin. The average tumor diameters for two 
similar experiments are given in Table V. The results with 
adenine confirm those previously reported (9). 

Identification of 2,8-Dihydroxyadenine from Kidneys of Mice 
Which Received Adenine 1-N-Oxide—10 Swiss female albino mice 
weighing 20 gm. received 5 consecutive daily injections of 250 
mg. per kg. of body weight of adenine oxide suspended in 0.5 
per cent carboxymethylcellulose in isotonie NaCl solution. The 


TaBLeE I 


Effects of adenine 1-N-oxide derivatives on tissues in culture 





H 
Mouse _— epidermoid 
® sarcoma 180 Givableste — 
Derivative — ee ee Eee 
s+. -4:. |Degen-| Mi- |Degen- Mi- | Degen- 
Mitotic : : 
te | totic | F t c | 
figures | vets; | gurea| sci |gurca| seek 
ee rn a ee i ee i 
Adenine 1-N-oxide | None | 7 5 | S 3 | 
4.0 | 13 5 | 6 1 
1.0 | 6 7 | 8 1 
0.1 | 4 6/9 1 
Adenosine 1-N-ox- | None 5 | 2 | 7 1/8 3 
ide 1.0 | 0 100 | 0 100 
0.1 | 0 73 | 0 45 | 0.5 10 
0.01 | 6 | 4\7 1/2 | 7 
0.001 | 5 | 3/6 mies 3 
| | 
| | 
Adenosine 1-N-ox- | 0.1 
ide | 
+ adenosine 1.0 0.4) 45)0.4) 33/9 4 
AMP 1-N-oxide | 0.1 0 | 79/0 84,04, 8 
| 0.01 | 4 | 11) 4 3.3 | 5 
0.001 | 5 | 2/6 2/8 3 
AMP 1-N-oxide 0.1 
+ AMP 10 | 0.5] 55)0.4! 32/6 4 


TasBLeE II 
Growth response of purineless mutants to adenine 1-N-oxide* 





i 
} 


Growth response in 24 hours 





Organism ’ atv 
| ow * 
| Xanthine 


Guanine } a | Adenine 1- 


Adenine hine | N-oxide 





B. subtilis 9... 
B. subtilis 59 
E. coli B-96 
E. coli B-96 





) ttt | +44) +44 | t+ | +4+t 
+++ 0 0 | O | ++t 
+++ | +++ | +++ | +4+4+/ 2. 
++ (at 48 


hrs.) 


* 0.05 ml. of 0.01 m solution was pipetted onto a pad, which 
was placed on solidified agar medium seeded with the organism. 

+ Growth is light and diffuse in contrast to the clearly defined 
and heavy growth surrounding the pad containing adenine. 
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TaB_eE III 


Comparison of growth response of B. subtilis 9 to adenine 
and adenine 1-N-oxide 


Relative growth 


with adenine 
1-N-oxide to that 


| Turbidities (at 560 mz) 


Purine source 


Adenine | Adenine oxide with adenine 
(1) (2) | (2)/(1) X 100 
pmoles/ml. 

0.05 0.64 0.22 34 
0.10 0.99 0.34 34 
0.15 1.36 0.43 | 31 
0.20 1.68 0.54 32 
0.25 1.90 0.58 30 
0.30 1.90 0.68 35 
0.35 — 0.71 _ 
0.40 0.73 - 
0.45 - 0.77 | _ 


TaBLe IV 

Comparison of inhibitory effect of 2,6-diaminopurine on growth of 
B. subtilis 9 growing in the presence of adenine 

or adenine 1-N -oxide* 


Supplement to M-25 medium Molar ratios 


| | Inhibition 


‘ sd Diaminopu- wr 
alias Adenine Diamino- r | Diz - 
Adenine oxide purine nejateainn laa /edenion 
. | 
| - _ ——— — | —— 
mM | mM mM % 
0.10 0.017 50 0.17 
0.30 0.063 5O 0.21 
0.90 0.523 5O 0.58 
0.06 | 0.6 0 >10 
0.18 ; 84 0 >10 





* Averages of two experiments. 


TABLE V 
Effects of adenine and adenine 1-N-oxide in reversing 
tumor inhibitory effects of diazooronorleucine 


Average tumor diameters 





Treatment — — --- 

Experiment A Experiment B 
mm. a a m,. 
pom........ cas W hietene 3.6 | 4.1 
DON + adenine oxide AF 3.9 | 4.1 
DON + adenine........ 6.3 8.5 
Controls.......... 12.6 


13.4 


* DON, diazooxonorleucine. 


daily injection volume was 0.5 ml. and was given each morning 
by the intraperitoneal route. One mouse died during the course 
of treatment, and the remainder lost an average of 2.5 gm. in 
weight. The mice were killed on the 5th day, and the kidneys 
were removed promptly to Dry Ice-alcohol. Grossly, all were 
mottled and pale. These were homogenized and washed again 
with ice cold aleohol and the kidney tissue powders were further 
dried in a desiccator. 

The kidneys of the 9 mice yielded 465 mg. of dry tissue powder. 
The extraction of this powder with 2 N HCl yielded a solution, 
the chief component of which, with the 4 paper chromatography 
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TaBLe VI 


Determinations of 2,8-dihydrozyadenine 
| 
Absorbance at: 

Kidney powder 


| 
280 my 305 mp 325 mp 
_ a al ae 
| | mg. 
Controls...........| 0.325 | 0.210 | 0.009 | 680 (30)* 
Adenine........ ; 0.538 0.709 | 0.120 | 363 (12) 
Adenine oxide..... 0.645 1.046 0.190 | 489 (16) 
Calculated amounts of 2,8-dihydroryadenine 
Ia —— 3 a 2 
ug./mg. | 
ugm./ml. | Total mg. | of kidney mg./mouse 
} | powder 
Adenine. . . 6.80 9.85 27.2 1.64 
Adenine oxide 10.05 19.7 40.3 | 2.46 


| 


* Numbers in parentheses refer to the number of kidneys used. 





solvents described (10), corresponded to 2,8-dihydroxyadenine. 
Extraction of the bulk of the remaining dry powder with 10 ml. 
2 Nn HCl at 100° for 15 minutes, followed by neutralization with 
ammonia, and then with acetic acid to pH 6 to 7, yielded a pre- 
cipitate. This material corresponded to 2,8-dihydroxyadenine 
it the 4 chromatography solvents, and showed spectra with an 
absorption maximum at 303 to 305 my and a minimum at 262 
mu; the ratio agreed with that reported by Klenow (11). Ap- 
proximately 5 mg. were obtained, which is of the order expected, 
from a different dosage schedule, in the rats previously studied 
with adenine (10). No components other than 2,8-dihydroxy- 
adenine were noted on the paper chromatograms. Separate 
portions of the dry kidney tissue powder were also extracted with 
cold ammonium hydroxide, cold 2 N HCl, and cold 2 Nn NaOH. 
Spectra of these solutions at various pH’s gave no indication of 
the unusual absorption, at neutral or alkaline pH’s in the 230- to 
240-my region, which is characteristic of the oxide of adenine (3). 

Comparison of Extent of Deposition of 2,8-Dihydroxyadenine 
after Administration of Adenine and Adenine 1-N-Oxide—3 
groups of 15 Swiss female albino mice, weighing 18 to 20 gm., 
were maintained on a diet of Purina laboratory chow, supple- 
mented with lettuce leaves, sunflower seeds, and water. A daily 
intraperitoneal adenine injection of 250 mg. per kg. of body 
weight was given to 1 group, and adenine 1-N-oxide, 280 mg. 
per kg., to the second group. The third group received control 
injections of 0.5 ml. of the 0.5 per cent carboxymethylcellulose 
in isotonic NaCl. On the 6th day the surviving animals were 
killed, and the kidneys were promptly removed to Dry Ice- 
aleohol. 9 of 15 mice receiving adenine died, and the survivors 
lost an average weight of 2.5 gm. 7 of 15 mice receiving adenine 
1-N-oxide died, and the survivors lost an average weight 
of 3.5 gm. 

The kidneys in Dry Ice-alcohol were homogenized and further 
washed with cold alcohol; the tissue powders were dried in a 
desiccator. Triplicate 50-mg. samples of dry tissue powder 
were heated for 5 minutes in 4 ml. of 1 N HCl, and quickly cooled 
and centrifuged. 1-ml. aliquots were diluted to 50 ml. and the 
spectra measured on a Beckman model DK-2 spectrophotometer. 
Similar extracts from the control kidney powders (untreated) 
were used in the solvent cuvette. 

The absorbance plot of control extracts against water showed 
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a broad maximum at 265 my and « minimum at 235 my, with 
little absorption at 305 and negligible absorption at 325 mu. 
The absorbance of extracts from the kidneys of the adenine- 
treated, or the adenine-oxide-treated animals plotted against 
the absorbance of the control, were qualitatively indistinguish- 
able, with strong maxima at approximately 305 my, shoulders 
at 260 my and minima at 245 my. The values at 260 my were 
nearly the same for all three groups. The values for the indi- 
vidual groups and the calculations therefrom are given in Table 
VI. In view of the different numbers of mice in each group, 
only the final two figures permit valid comparisons. 


RESULTS 


With tissues in culture (4, 5), adenine 1-N-oxide had little 
effect, except that at high concentration (4 mm) (Table I) it 
produced a higher incidence of mitoses in mouse sarcoma 180 
cells. On the other hand, adenosine 1-N-oxide (2) or AMP 
1-N-oxide' were both strongly inhibitory toward sarcoma 180 
cells, embryonic mouse skin fibroblasts, and human epidermoid 
carcinoma No. 2 cells at 0.1 mm. The AMP 1-N-oxide was still 
somewhat inhibitory at 0.01 mm. Both inhibition of mitosis 
and degeneration of the cultured cells were noted. The in- 
hibitory effects of adenosine 1-N-oxide or AMP 1-N-oxide at 0.1 
mM could be definitely blocked for human epidermoid No. 2 
cells by 1.0 mm adenosine or AMP-5’, respectively, and the mouse 
cells were slightly protected by these normal agents. On the 
whole, the mouse sarcoma cells and the embryonic fibroblasts 
responded in similar fashion to the various treatments. 

The responses of 3 purine-requiring bacterial mutants to ade- 
nine 1-N-oxide were also investigated (Table Il). Two mutants 
of B. subtilis which grow well with adenine were found to grow 
also with adenine 1-N-oxide. E. coli B-96 responded similarly, 
but more slowly. The quantitative response (Table III) of 
B. subtilis 9 to adenine 1-N-oxide was approximately one-third 
of the response to an equivalent amount of adenine. B. subtilis 
9, grown with varying levels of adenine 1-N-oxide, was inhibited 
by small amounts of 2,6-diaminopurine. When grown with 
adenine, as high as 10-fold levels were not inhibitory (Table IV). 
Thus, in these microbiological experiments, there are instances 
in which adenine oxide behaves as does adenine, and others in 
which it does not. 

Repeated daily doses of adenine 1-N-oxide administered intra- 
peritoneally to mice or rats were tolerated to about 100 mg. per 
kg. per day. Levels of 280 mg. per kg. per day for 5 successive 
days resulted in some weight loss and the death of about half 
of the mice, which is comparable to the results obtained with an 
equimolar quantity of adenine on the same dosage schedule. 
In the Swiss mouse, tolerated doses of adenine 1-N-oxide, up 
to 250 mg. per kg. per day, did not significantly inhibit either 
the growth* of sarcoma 180 or that of a series of other tumors.‘ 

A comparison was made of the effectiveness of adenine 1-N- 
oxide and of adenine in preventing an inhibitory effect of dia- 
zooxonorleucine on the growth of sarcoma 180 in mice. The 
inhibition of tumor growth by diazooxonorleucine is attributed 
(9) to its limitation of the animals’ purine supply by inhibition 
of synthesis de novo. This can be partially prevented by the 
simultaneous administration of a sufficient supply of preformed 
purine in the form of adenine. Although the reversals observed 
(Table V) with adenine were consistent with those found pre- 

3]). A. Clarke, unpublished data. 

4K. Sugiura, unpublished data. 
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viously (9), the adenine 1-N-oxide did not prevent this inhibition 
of growth of the tumor. Thus, there was no indication that 
the oxide was rapidly converted to adenine. 

With highly toxic levels of adenine oxide, the primary patho- 
logical findings in mice were similar to those observed with com- 
parably high doses of adenine (10), z.e. renal damage and uremic 
intoxication. The kidneys of the survivors were grossly mottled 
and pale; in fixed sections® crystals were visible in the tubules. 
Crystalline material isolated from the kidneys was identical 
with authentic 2,8-dihydroxyadenine, which is the metabolite 
deposited in the tubules after administration of excessive doses 
of adenine (10). Quantitative determinations (12) (Table VI) 
were made of the amounts of 2,8-dihydroxyadenine deposited 
in the kidneys of groups of mice receiving equimolar doses of 
adenine or of adenine oxide (250 and 280 mg. per kg. per day, 
respectively, for 5 days). On the basis of either the amount 
per mouse or per gram of desiccated kidney tissue, a group of 
mice receiving the oxide showed a 50 per cent greater accumula- 
tion of 2,8-dihydroxyadenine than did a group receiving ade- 
nine. 


DISCUSSION 


The inhibition of tissues in culture by adenosine 1-N-oxide 
and AMP 1-N-oxide and the protection by adenosine and AMP 
imply a typical antimetabolite activity of these derivatives. 
The lack of such an effect with adenine 1-N-oxide does not neces- 
sarily indicate an absence of conversion of the oxide to ribosyl 
derivatives, since there are similar differences between the tox- 
icities to tissues in culture of adenine and AMP. The apparent 
stimulation of mitosis in sarcoma 180 by adenine 1-N-oxide is 
noteworthy. 

The growth of purine-requiring bacteria, one of which was 
specifically adenine-requiring, indicates that a considerable con- 
version of adenine 1-N-oxide to adenine can occur. The greatly 
increased sensitivity of the B. subtilis 9 to 2,6-diaminopurine 
when it is growing with adenine 1-N-oxide might be explicable 
by a synergism between an antimetabolite activity of the N- 
oxide and that of diaminopurine. Similar potentiation of the 
inhibitory activities was observed by the auxanographic tech- 
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nique with combinations of adenine 1-N-oxide and either 2- 
azaadenine or 8-azaguanine. 

In mice and rats, the similarity of the toxicity of large doses 
of adenine 1-N-oxide to the “adenine kidney” syndrome would 
be explicable by a prior conversion to adenine. However, its 
failure to reverse the effects of diazooxonorleucine, as does ade- 
nine, does not indicate a rapid conversion to adenine. 

The extensive deposition of 2,8-dihydroxyadenine in the 
kidney tubules indicates that the N-oxide function can be re- 
moved in vivo. Whether that conversion proceeds by way of 
adenine cannot now be ascertained. Pertinent to consideration 
of this question is the fact that there is a significantly greater 
accumulation of 2,8-dihydroxyadenine from the N-oxide than 
there is from adenine. The action of xanthine oxidase on ade- 
nine 1-N-oxide is reported in paper IV of this series (13). 

The various results reported here suggest that N-oxides of 
adenine derivatives not only may function as antimetabolites, 
but that they may also be metabolized, in part, to the compounds 
which they antagonize. The investigation of N-oxides of purine 
analogues of known therapeutic efficncy should be of interest. 
There might be found either a second antimetabolite activity, 
or an alteration of the “dosage schedule” of the recognized anti- 
metabolite. 


SUMMARY 


The 1-N-oxide of adenine has little effect on tissues in culture, 
but the corresponding oxides of adenosine or of adenosine 5’- 
phosphate are strongly inhibitory. Their effects may be blocked 
by adenosine or adenosine 5’-phosphate. 

Adenine 1-N-oxide partially fulfills the adenine requirement 
of certain bacteria, but in its presence one strain shows a much 
greater sensitivity to inhibition by 2,6-diaminopurine. 

Adenine 1-N-oxide will not substitute for adenine in blocking 
the inhibition of sarcoma 180 in vivo by diazooxonorleucine. 
However, the isolation of 2,8-dihydroxyadenine from the kid- 
neys of mice which received large amounts of adenine oxide im- 
plies that the \-oxide function can be removed in vivo. 

These results suggest that N-oxides of adenine derivatives 
may function as antimetabolites, but that they may also lead, 
in part, to adenine derivatives. 


REFERENCES 


1. Brown, G. B., In G. E. W. WoLsTENHOLME ANb C. M. O’Con- 
Nor (Editors), Ciba foundation symposium, on the chemistry 
and biology of purines, J. and A. Churchill, Ltd., London, 
1957, p. 143. 


2. Srevens, M. A., Macratu, D. I., Smiru, H. W., anv Brown, 
G. B., J. Am. Chem. Soc., 80, 2755 (1958). 
3. Stevens, M. A., anp Brown, G. B., J. Am. Chem. Soc., 80, 


2759 (1958). 

. Biesee, J. J., J. Biophys. Biochem. Cytol., 1, 119 (1955). 

. Bresece, J. J., Proceedings of the Third National Cancer Con- 
ference, J. B. Lippincott Company, Philadelphia, 1957, pp. 
405-412. 


or. 





5 With the kind cooperation of Dr. S. S. Sternberg. 


6. Vincent, J. G., anv Vincent, H. W., Proc. Soc. Exptl. Biol 
Med., 55, 162 (1944). 

7. Feeney, R. k., Garisaupi, J. A., AND Humpureys, E. 
Arch. Biochem., 17, 435 (1948). 

8. Brown, G. B., In C. P. Ruoaps anv A. D. Bass, Antimetabo- 
lites and Cancer, American Association for the Advance- 
ment of Science, Washington, 1954, p. 285. 

9. CuarKE, D. A., Rettiy, H. C., ano Srock, C. C., Antibiotics 
and Chemotherapy, 7, 653 (1957). 

10. Benvicu, A., Brown, G. B., Puiiies, F. 
J. B., J. Biol. Chem., 183, 267 (1950). 

11. KLENow, H., Biochem. J., 52, 404 (1952). 

12. Pointies, F. S., Turerscu, J. B., AND Benpicn, A., J. Phar- 
macol. Exptl. Therap., 104, 20 (1952). 

13. Brown, G. B., Stevens, M. A., anp Smitu, H. W., J. Biol. 
Chem., 233, 1513 (1958). 


M., 


S., AND THIERSCH, 








Ac 
oxid: 
that 
dihy: 
The 
mice 
of 2 
than 
amol 
obset 
trans 
migh 
2-car 
pyri 
aden 


Cx 
(6), 
the « 
phos 
was 
equi 
hour 
varic 
adde 
Ine.) 
optic 
activ 

BE» 
vett 
ml. « 
deter 
enzy 
tion 
Was 
the 
serve 

Pr 
solut 
0.15 


*x? 


Ame 
Publ 


Ene1 





loses 
ould 
, its 
ade- 


the 
e re- 
Vv of 
ition 
eater 
than 
ade- 


es of 
lites, 
junds 
urine 
crest. 
ivity, 
anti- 


lture, 
ne 5/- 


ocked 


‘ment 
much 


cking 
icine. 
» kid- 
le im- 


atives 
lead, 


. Biol 
). M., 


etabo- 
yance- 


hiolics 


JRSCH, 


Phar- 


. Biol. 








Purine N-Oxides 
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Adenine is oxidized to 2,8-dihydroxyadenine by xanthine 
oxidase in vitro (1), and it is felt that, in vivo, it is the action of 
that enzyme on excessive levels of adenine which leads to 2,8- 
dihydroxyadenine and the “adenine kidney” syndrome (2). 
The administration of toxic doses of adenine 1-N-oxide (3) to 
mice leads to the deposition in the kidney tubules of amounts 
of 2,8-dihydroxyadenine which are about 50 per cent greater 
than those deposited after the administration of equivalent 
amounts of adenine (4). In view of the extensive conversion 
observed in vivo, the possibility was to be considered that the 
transformation of adenine 1-N-oxide to 2,8-dihydroxyadenine 
might involve a shift of the oxygen from the 1-N to the adjacent 
2-carbon, a chemical reaction known to be possible with certain 
pyridine N-oxides (5). The action of xanthine oxidase on 
adenine 1-N-oxide has now been investigated in vitro. 


EXPERIMENTAL 


Commercial milk xanthine oxidase, prepared according to Ball 
(6), (Worthington Biochemical Corporation) was utilized. At 
the concentrations used, it was fully soluble in 0.15 m sodium 
phosphate buffer, pH 7.6. The rate of optical density changes 
was followed with a Beckman model DK-2 spectrophotometer 
equipped with a time drive. Reactions which required over an 
hour were followed by determination of complete spectra at 
various time intervals. In experiments in which catalase was 
added, crystalline beef liver catalase (General Biochemicals, 
Inc.) was dissolved in the buffer and concentrations yielding 
optical densities of 0.01 to 0.05 at 405 my (7) were used. Its 
activity was verified by the decomposition of hydrogen peroxide. 

Experiments were carried out in matched 1-cm. quartz cu- 
vettes by adding 0.02 to 0.2 ml. of enzyme solutions to 2.2 to 2.4 
ml. of substrate in buffer (1, 8); initial and final spectra were 
determined. Where direct comparisons of the activity of the 
enzyme on various purines were made, 2.4 ml. of an enzyme solu- 
tion were placed in the cuvettes and 0.05 to 0.10 ml. of the purine 
was added. With the drive running, the “spike” produced on 
the graph by the insertion of the stirring tool in the cuvette 
served as the zero time marker. 

Preparative oxidations were carried out by incubating, at 37°, 
solutions of 30 mg. of adenine 1-N-oxide in 200 ml. (1 mm) of 
0.15 m phosphate buffer at pH 7.6 with 400 to 750 units per ml. 


* This investigation was supported in part by funds from the 
American Cancer Society, the National Institutes of Health, 
Public Health Service (Grant No. CY-3190), and from the Atomic 
Energy Commission (Contract No. AT (30-1)-910). 


of xanthine oxidase. The progress of the reaction was followed 
by determining at intervals, on 1 to 50 dilutions with water, 
the spectral changes in the 250- to 320-my region. Particularly 
with older and less active enzyme preparations, the end absorp- 
tion obscured the 230- to 240-my region. The reaction was 
essentially complete in 5 to 7 hours; incubation overnight was 
also satisfactory. Catalase was usually added. 

Solvents for Paper Chromatographic Analyses—All chromato- 
graphic analyses were performed ascending on 8 and 8 No. 597 
or Whatman No. 1 paper at 25°. Solvents were as follows: 
Solvent A 1 per cent (NH,)2SO,:isopropanol, 1:2, by volume; 
the paper was immersed in 1 per cent (NH4)2SO, and dried be- 
fore use (9); Solvent B 5 per cent NasHPO,:isoamy] alcohol, 
3:2, by volume (10); Solvent C butanol:acetic acid: water, 
4:1:1, by volume; Solvent D isopropanol:concentrated HCI: 
H.O, 68:16.5:15.5, by volume (11). 

Alterations of Spectrum of Adenine 1-N-Oxide by Xanthine 
Oxidase—Adenine 1-N-oxide in the pH 7.6 buffer shows absorp- 
tion maxima at 262 to 263 and 231 to 232 my, with the shorter 
wave length absorption six times that at the longer wave length. 
With concentrations giving an optical density of 0.15 to 0.3 
at 262-263 my (0.02 to 0.04 mm), the behavior of both maxima 
may be followed. Upon addition of xanthine oxidase there 
was an initial decrease of about 10 per cent at 231 to 232 mu 
(probably representing combination with the enzyme) but no 
immediate change at 262 to 263 mu. With time, there was 
then a progressive bathochromic shift of the shorter wave- 
length absorption to 238 my which was accompanied by an 
increase to more than the initial optical density. At 263 my 
there was a small decrease, and from 280 to 300 my a progressive 
increase, which finally reached a broad shoulder at 290 mu, 
at which time the 260-my absorption had decreased to a slight 
shoulder on the curve rising to the 238-my maximum. The 
addition of strong acid led to a maximum at about 275 my 
and a hypsochromic shift of the short wave length maximum 
to below 230 my. With concentrations of adenine-oxide of 
about 0.04 mm and 40 to 60 units of xanthine oxidase, the changes 
were essentially complete in 30 to 45 minutes. 

Comparative Rates of Oxidation—The rates of oxidation of 
hypoxanthine to uric acid, of adenine to 2,8-dihydroxyadenine, 
and of adenine 1-N-oxide to 8-hydroxyadenine 1-N-oxide were 
compared, at approximately 27°, by adding 0.05-ml. volumes 
of each to 2.4 ml. of a solution of xanthine oxidase in buffér 
(Table I). The lower enzyme concentration was a 1 to 10 dilu- 
tion of the higher, and the activity (1 unit equals an optical 
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TABLE I[ 


Comparisons of action of zanthine oxidase 











Velocity in optical density 
increase/minute, at enzyme 


Wave length concentrations of: 











measured 2 er : 
| 60 Units | 600 Units 
ji | msi | 
Hypoxanthine....... | 290 0.060 | too rapid 
Adenine..............| 305 0.0004 0.0048 
Adenine oxide....... .| 295 


0.0028 0.021 





density increase of 0.001 per minute) was calculated from the 
rate at which it oxidized hypoxanthine. 

Influence of Adenine Oxide on Action of Xanthine Oxidase on 
Other Purines—With 25 units of enzyme a 0.025 ma solution of 
hypoxanthine showed optical density changes of 0.024 to 0.026 
per minute. With 0.04 mM or 0.4 mm adenine oxide present, 
the rate was 0.018 at zero time, and was 0.009 when the hypo- 
xanthine was added after 1 hour. Thus there can be a decrease 
of approximately 30 to 60 per cent in the rate of oxidation of 
hypoxanthine in the presence of adenine oxide. 

The rate of oxidation of more concentrated solutions of adenine 
oxide, as well as of adenine, decreases considerably with time, 
and samples of hypoxanthine added to such mixtures after 2 
to 5 hours are oxidized much more slowly. Hourly additions 
of hypoxanthine to a solution of the enzyme show only a decrease 
of 30 per cent in the rate of oxidation after 6 hours. Both of 
these phenomena probably represent inactivation of the enzyme 
with time. 

Reduction of Enzymatic Oxidation Product to 8-Hydroxy- 
adenine—The oxidation mixture from 60 mg. of adenine 1-N- 
oxide was heated to 100° for 15 minutes, cooled, filtered to 
remove the coagulated protein, concentrated in a vacuum, and 
again filtered. It was treated, in a volume of 75 ml., with 1.2 
ml. of Raney nickel and with hydrogen. In 7 hours at 25°, 
7.6 ml. of hydrogen were absorbed (theory 9 ml.). The nickel 
was separated, the solution was concentrated and redissolved 
in the minimal volume of water necessary to dissolve the salts 
present, and H.SO, was added to pH 2.5. After this mixture 
had been cooled for several days, a few milligrams of crystals 
were deposited. 

The spectrum of the parent solution showed, after hydrogena- 
tion, a loss of absorption in the 230-my region and a shift of the 
longer wave length maximum from 285 to 270 mu. The nickel 
was eluted with 2 nN NH,OH and the eluate showed a maximum 
at 275 my with a shoulder in the 230-my region, which suggests 
that some unreduced oxide may have adhered more strongly to 
the nickel. 

Paper chromatography of the reduced solution, the crystals, 
and the NH,OH eluate, in Solvents A and B, demonstrated 
that the main component behaved as did authentic 8-hydroxy- 
adenine. 

Isolation of 8-Hydroxyadenine 1-N-Oxide—The oxidation 
mixture from 60 mg. of adenine oxide was deproteinized by 
heat, concentrated to about 50 ml. in a vacuum and cooled. 
After a week, 20 mg. of crystalline material was collected and 
was recrystallized from 10 ml. of hot water to yield fine needles. 
In all four chromatography solvents this material behaved as 
did the synthetic 8-hydroxyadenine 1-N-oxide. The spectrum, 
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at several pH’s, was identical with that of the synthetic product: 
e 53.8 X 10° at 238 my at pH 5.8; € 27.5 x 10* at 218 
my, and 10.5 x 10% at 273 my, at pH 1.5. In 1 N alkali the 
maxima shifted to wave lengths 240 to 242 and 298 mu. 


Analysis: 


C3H;N;02 
Calculated: N, 41.90 
Found: N, 41.52 


Another oxidation mixture, from 30 mg. of adenine oxide, was 
heated to 80°, filtered, concentrated to 15 ml., boiled for 15 
minutes and again filtered. It deposited 15.5 mg., which rep- 
resents 47 per cent of the theoretical yield, and, from the spec- 
trum of the mother liquors, an additional 9.5 mg. was estimated 
to be present. 

Synthesis of 8-Hydroxyadenine 1-N-Oxide—A suspension of 20 
mg. of 8-hydroxyadenine (12) in a mixture of 2 ml. of acetic 
acid and 0.2 ml. of hydrogen peroxide was shaken until most of 
the purine had dissolved. The solution was allowed to stand 
at room temperature; samples were taken daily for chromato- 
graphic study of the progress of oxidation. After 2 days all the 
8-hydroxyadenine had dissolved and chromatographic analysis 
showed that significant amounts of the oxide had been formed. 
After 5 days, crystals began to appear in the solution, and at 7 
days the product, 14.5 mg., which represents 71 per cent of the 
theoretical yield, was collected. It was recrystallized from 4 
ml. of water to give white needles which decompose at 325°. 
The spectral data are given in Table IT. 


Analysis: 
CsHsN,O2 


Calculated: C, 35.93; H, 3.01; N, 41.90 


Found: C, 35.75; H, 3.10; N, 41.59 


Hydrogenation of S-Hydroxyadenine 1-N-Oxide—S8-Hydroxy- 
adenine 1-N-oxide (15 mg.) was dissolved in 20 ml. of 50. per 
cent acetic acid and shaken with 0.5 ml. of Raney nickel in an 
atmosphere of hydrogen for 4 hours. During this time 2 ml. 
(1 molecular equivalent) of hydrogen were absorbed. At the 
end of the hydrogenation, the catalyst was removed and _ the 
remaining solution was evaporated to dryness. The residue 
from the evaporation was stirred with 6 ml. of water to induce 
the product to crystallize. The 7 mg. of the product was 
shown to be identical to 8-hydroxyadenine in ultraviolet ab- 
sorption and Rr in Solvents A and B. Like 8-hydroxyadenine, 
the product decomposed on heating above 350°. Additional, 
but less pure, 8-hydroxyadenine could be obtained by evapora- 
tion of the water used to induce crystallization of the hydrogena- 
tion product. 

Hydrolysis of 8-Hydroxyadenine 1-N-Oxide—8-Hydroxyade- 
nine 1-N-oxide (19 mg.) was heated in a sealed tube for 2 hours 
at 135° with 6 ml. of 18 per cent HCl. <A 0.1-ml. portion of 
the hydrolysate was diluted to 10 ml. with water; the spectrum 
was that of the starting material. The optical density of 0.62 
at 273 my and pH 1.5 indicated that only 32 per cent of the 
original 8-hydroxyadenine 1-N-oxide remained. Chromato- 
grams of the hydrolysate in Solvents A and B also indicated that 


8-hydroxyadenine 1-N-oxide was present and that none of the 


products of its hydrolysis absorbed ultraviolet light. 
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TaB_e II 
Physical properties 
Rr values in various solvents | Spectral properties 
Substance , — Melting point 
A B | c D Maxima | stpH | eX 10-3 
Fae i i ape | . | a a - _ eae mp "tre . | ey we eA 
Adenine 1-N-oxide 0.48 | 0.48 | 0.42 | 0.26 297-307° | 258 | 1.0 | 11.5 (14) 
| | 231 and 262.5; 7 | 41.5 and8.1 
| 233 and 275 «| 13° =| 46.2 and7.4 
8-Hydroxyadenine 0.60 0.38 | 0.39 | 0.41 | Decomposes 272 | 2.3 10.9 (12) 
| above 350° | 270 | 6.5 12.8 
| | | 277* | o2 | BA 
8-Hydroxyadenine 1-N-oxide 0.45 0.52 | 0.37 | 0.38 | Decomposes at | 218 and 273 | 1.5 27.5 and 10.9 
| 325° | 238 | 5.6 | 58.7 
| | | 242 and 208 | 12.4 | (46.7 and 10.4)t 
‘i sissies ———— | | 
2,8-Dihydroxyadenine 0.08 | | 0.39 | Decomposes at | 232 and 304 | 2.3 | 7.92 and 15.9(12) 
| 335-340°t | 236 and 303 6.5 | 8.89 and 15.4 
| | | 237 and 302 | 9.2 | 14.6 and 19.9 








* In the table on page 2592 of reference (12), the wave length for pH 9.2 is given erroneously as 270 mu. 





+t Absorbance and wave length are sensitive to pH changes in this range. 


t Sulfate. 


‘Effect of Adenine Deaminase—A sample of adenase! from 
Azotobacter vinelandii (13) was diluted with pH 7.5 buffer and 
was tested at 28° with adenine in the spectrophotometer cu- 
vettes. It deaminated adenine to hypoxanthine. The best 
measure of the conversion (13) was with xanthine oxidase also 
present, when the conversion of 0.04 mm adenine to uric acid 
was complete in 40 minutes. 

Adenine oxide (0.015 mm) with adenase showed no change in 
spectrum in 3 hours. Subsequent addition of xanthine oxidase 
started a progressive increase in the optical density at 295 my 
and the shift of the 231-my maximum toward 238 my, such as 
was observed with xanthine oxidase alone. Adenine added to 
this solution after 3 hours, or to a fresh solution of adenine oxide 
with both enzymes, was almost completely converted to uric 
acid within } hour. 


RESULTS 


The action of xanthine oxidase on adenine 1-N-oxide in pH 7.6 
phosphate buffer leads to relatively slow spectral changes. The 
absence of any specific increase in the optical density at 305 my, 
such as is observed when adenine is oxidized by xanthine oxidase 
(1), indicates that 2,8-dihydroxyadenine is not produced. 

The 6-aminopurine N-oxides possess a very distinctive spec- 
trum (14) with a strong absorption in the 230- to 240-my region. 
With adenine 1-N-oxide at pH 7.6 this is at 233 my with an 
eof over 40 X 10°. With xanthine oxidase there is a pro- 
gressive bathochromic shift of this maximum to 238 mu, and an 
increase in the optical density. The general increase in absorp- 
tion through 300 my also indicates that a reaction takes place, 
but the continued abso:ption in the 230- to 240-my region sug- 
gests that the N-oxide function is retained. 

Adenine 1-N-oxide can be reduced to adenine in the presence 


1The authors are indebted to Dr. Leon Heppel for the gift 


| of a sample of this enzyme. 


of Raney nickel and hydrogen (3). When this procedure is 
applied to a partially deproteinized xanthine oxidase oxidation 
mixture the characteristic N-oxide absorption maximum is lost. 
Paper chromatography and spectra indicate that the major 
product of this reduction is 8-hydroxyadenine. 

This suggests that the product is an oxide of 8-hydroxyade- 
nine, the synthesis of which was undertaken. Such an oxide 
was synthesized in over 70 per cent yield by the oxidation of 
8-hydroxyadenine by hydrogen peroxide in acetic acid. A 
product, which proved to be identical with the synthetic 8-hy- 
droxyadenine oxide, was then isolated from the enzyme oxidation 
solution in 47 per cent yield. Spectrophotometric estimation 
of the material remaining in the salt-containing solution indi- 
cated that the total yield was at least 76 per cent. Since the 
synthetic product is obtained by the oxidation of 8-hydroxy- 
adenine, and the enzymically oxidized product by the oxidation 
of adenine 1-N-oxide (Scheme 1), it is concluded that the com- 
pound is 8-hydroxyadenine 1-N-oxide. 


NH, 
Oo y 
yY , 
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L Le” \ Xanthine NH, 
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H & H 
Adenine 1-N-oxide \ N ‘ie 0 
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The unexpected stability of 8-hydroxyadenine 1-N-oxide to 
acid hydrolysis, which is in contrast to the lability of adenine 
1-N-oxide (14), facilitated its isolation and its chromatography 
in acid solvents. The unusually strong absorption at about 238 
to 240 mu, of « over 45 X 10° at pH’s from 3.5 to 9, correlates 
with the increase in absorption noted there during the course 
of the action of xanthine oxidase. 

A comparison (Table I) was made of the relative rates of oxida- 
tion of hypoxanthine, adenine and adenine oxide by xanthine 
oxidase. Those of hypoxanthine and adenine were of the order 
observed by Klenow (1). The changes in optical density, at 
305 mu, which accompany the conversion of adenine to 2,8- 
dihydroxyadenine, are 5 times those which, at 295 my, accom- 
pany the oxidation of adenine oxide to 8-hydroxyadenine 1-N- 
oxide. The oxidation of adenine 1-N-oxide thus proceeds 
approximately 20 times as rapidly as does that of adenine. 

The presence of adenine 1-N-oxide decreases the rate of oxida- 
tion of hypoxanthine by 30 to 60 per cent, which is similar to 
the 40 per cent inhibition of the oxidation of hypoxanthine by 
adenine which was observed by Klenow (1). 

The adenase from Azotobacter vinelandii (13) was also investi- 
gated.' It has no affect on adenine 1-N-oxide, and the presence 
of the oxide does not alter the effect of the enzyme on adenine. 
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DISCUSSION 


There is no evidence that the N-oxide function of adenine 
1-N-oxide is affected by xanthine oxidase. Its presence pre- 
vents oxidation by xanthine oxidase at the 2-position, but not 
at the 8-position. In connection with the observation that 
adenine 1-N-oxide is oxidized more rapidly than is adenine, 
it should be recalled that there is evidence (15) that xanthine 
oxidase oxidizes adenine more rapidly at the 8-position. 

The action of xanthine oxidase in vitro cannot alone account 
for the production of 2,8-dihydroxyadenine observed (4) after 
the administration of adenine 1-N-oxide to mice. The pos- 
sibilities are left open that, in vivo, the N-oxide function is first 
reduced, and the adenine then oxidized, or that oxidation of 
the \-oxide at position 8 is followed by reduction of the N-oxide 
and a second attack by xanthine oxidase. 


SUMMARY 


The oxidation of adenine 1-N-oxide by xanthine oxidase 
proceeds at a rate intermediate between those of adenine and 
hypoxanthine and leads to a product identical with one prepared 
by the oxidation of 8-hydroxyadenine with acetic acid and 
hydrogen peroxide. This product is formulated as 8-hydroxy- 
adenine 1-N-oxide. 

Adenine 1-N-oxide is not deaminated by an adenase. 
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Aspects of the Stability of a Bacterial Ribonucleic Acid* 
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The nature of the controls ensuring the unaltered reproduction 
of the highly polymerized cell constituents is largely unknown; 
nor can much be said about the way in which the specific char- 
acter of a cell is maintained through the integration of the 
individual synthetic processes. A provisional insight can be 
gained, however, if the synthesis of one substance is studied in 
isolation, 7.e. through the suppression of the formation of others. 
Chloramphenicol has been shown to inhibit protein synthesis in 
Escherichia coli almost completely whereas the formation of 
nucleic acids, and especially that of RNA, continues for some 
time (2). Since this represents one of the instances in which the 
synthesis of RNA could be dissociated from that of protein, it 
seemed of interest to investigate some of the properties of the 
ribonucleic acids formed under such unusual conditions. In a 
previous communication from this laboratory (3), the nucleotide 
composition of the RNA formed during the treatment with 
chloramphenicol was shown not to differ from that of the nor- 
mal RNA of E. coli, even when a large excess of one nucleotide 
precursor was made available to the organism. At that time, 
mention was made of the problem of the stability of the RNA 
formed in the absence of simultaneous protein synthesis, but a 
detailed discussion was deferred. The present paper now takes 
up this subject. 

The results to be presented show that, in contrast to RNA 
formed during normal growth, the ribonucleic acids formed 
after the inhibition of protein synthesis by chloramphenicol 
exhibit a marked instability in vivo. Similar observations have 
recently been reported by other laboratories (4, 5). 


EXPERIMENTAL 





Materials—Adenine-8-C"™, adenosine-8-C", and uniformly 
labeled C'-guanosine were supplied by Schwarz Laboratories, 
Inc., Mount Vernon, New York. Chloramphenicol (Chloro- 
mycetin) was obtained through the courtesy of Dr. J. J. Pfiffner 
of Parke, Davis and Company, Detroit, Michigan. For the 
E. coli mutants we are very grateful to Dr. B. D. Davis of Har- 
vard University. 

Methods—The strains of EF. coli used were M26-26, a lysine- 
deficient mutant, and 83-5, which requires phenylalanine. The 


* This work has been supported by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice; the American Cancer Society; the National Science Founda- 
tion; and the Rockefeller Foundation. A preliminary report 
on part of this work has appeared (1). 

+ National Science Foundation Postdoctoral Fellow, 1957-1959. 

t Quincey Ward Boese Postdoctoral Fellow, Columbia Univer- 
Sity, 1955-1956. Present address, University of Torino, Torino, 
Italy. 


organisms were grown, at 37° and with aeration by shaking, in 
a glucose-salts medium (6) supplemented with either L-lysine 
(20 mg. per 1.) or L-phenylalanine (50 mg. per 1.). Chloram- 
phenicol was added when the cells were in the early logarithmic 
phase of growth, and the cultures were again incubated at 37° 
for various lengths of time up to 1 hour, depending on the design 
of the experiment. The nucleic acids formed in the presence 
of chloramphenicol were specifically labeled by the addition of 
either adenosine-8-C“, adenine-8-C™, or uniformly labeled 
C-guanosine to the medium, usually 2 to 3 minutes after the 
antibiotic had been added. 

After treatment with chloramphenicol the cells were collected, 
washed twice, suspended in fresh medium under conditions 
precluding growth, i.e. in a medium which lacked the necessary 
amino acid (resting medium), and then reincubated at 37° with 
aeration. Additions to the resting medium, if any, were made 
at least 15 minutes after resuspension of the cells. Growth was 
followed turbidimetrically with a Bausch and Lomb colorimeter 
equipped with a 630 filter. 

Samples taken from the cultures were prepared for analysis by 
extracting the washed cells first with cold 7 per cent trichloro- 
acetic acid and then with ethanol and ethanol-ether, 1:3 (7). 
The residue was dissolved in 1 to 2 ml. of 0.3 N NaOH and 
maintained at 30° overnight (18 hours) to hydrolyze the RNA 
to its constituent nucleotides. This alkaline hydrolysate was 
made up to a convenient volume, usually 6 ml., and then used 
for the analyses (final NaOH concentration, 0.1 N). 

Protein was measured by a modified biuret method (8); 
DNA, by a modification of the diphenylamine reaction (9); and 
total nucleic acid, by the difference in ultraviolet absorption at 
260 and 310 my (Asso) in phosphate buffer (pH 7). The orcinol 
reaction (10) was used to determine RNA. Measurements of 
radioactivity were made on samples uniformly evaporated to 
dryness, with the aid of a wetting agent, in planchets and counted 
at infinite thinness with a Nuclear-Chicago D 47 gas flow counter 
equipped with Micromil end window. In some of the early 
experiments a thin end window Geiger-Miiller counter was used. 
All determinations were made in duplicate. 

The nucleotide composition of RNA was determined by a 
previously described method (7). In experiments with radio- 
active nucleotides each separated zone was extracted from the 
paper with 3 ml. of distilled water, and 1-ml. portions of these 
extracts were plated and counted. The quantity of each nucleo- 
tide counted was determined on a separate sample and specific 
activity 
Uridylic 


measurements were expressed as ¢.p.m. per pmole. 
and guanylic acids were separated, when this was 
desirable, as described previously (3). 
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For the measurement of the radioactivity incorporated into 
the DNA, the cells were first extracted with trichloroacetic acid 
and the residue was hydrolyzed with NaOH. The alkaline 
hydrolysate was neutralized with hydrochloric acid and tri- 
chloroacetic acid was added to a final concentration of 7 per cent. 
After overnight storage in the cold, the precipitate was collected, 
washed twice with 7 per cent trichloroacetic acid, suspended 
in 1 ml. of this solution, and heated at 100° for 30 minutes. 
Trichloroacetic acid was extracted from the supernatant with 
ether and the ether was driven out of the aqueous layer by 
means of nitrogen. Portions of the solution were then plated 
and counted. 

The acid-soluble fraction was obtained by extraction of the 
washed cells with 4 to 5 ml. of 7 per cent trichloroacetic acid for 
1 hour in the cold. The acid was removed from the supernatant 
fluid as described above and analyses were performed on 1-ml. 
samples of this solution. 


RESULTS 


Instability of RNA after Exposure of E. coli Cells to Chloram- 
phenicol—The addition of chloramphenicol to an exponentially 
growing culture of the lysine-requiring strain of E. coli M26-26 
results in the inhibition of protein synthesis. In the experiment 
shown in Table I a slight drop (8 per cent) in the amount of 
protein per ml. of culture was, in fact, observed after 1 hour, 
whereas the cells continued to accumulate nucleic acids; total 
nucleic acid and DNA increased by 44 and 22 per cent, respec- 
tively, in this experiment. Since adenosine-8-C" had been added 
together with chloramphenicol, the newly formed nucleic 
acids were labeled selectively. In other experiments total 


TaBLeE [ 
Instability of RNA after exposure of Escherichia coli 
to chloramphenicol 
In Stage A, chloramphenicol (30 ug. per ml.) and adenosine-8- 
C™“ (3.5 X 107% uwmoles per ml.; 93,000 c.p.m. per umole) were 
added to one-half of a logarithmically growing culture of EZ. coli 
strain M26-26; the other half received only the radioactive nucleo- 
side. After 1 hour the cells were collected, washed, and resus- 
pended in resting medium (Stage B). Analyses were performed 





on the fraction of the cells insoluble in trichloroacetic acid. The 
results are reported per ml. of cell suspension. 
ae | «6A Protein | 8-Ci4 
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acids (Asso) | incorporated 
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| min. | | pg./ml, ug./ml. | mpmoles/ml. 
Stage A, com- | 
plete medium.| 0| 0.821 3.9 | 723 | — 
| 60 | 1.63] 1.18 | 7.0| 4.7) 131| 67 | 2.09) 1.10 
| | | ; | | 
Stage B, resting | | | | | | 
medium....... | 0 | 1.08 0.664) 5.0) 2.7, 80 31 1.25) 0.61 
| 45 | 1.10| 0.647) 5.9) 3.0 90) 36 | 1.24) 0.52 
75 | 1.09} 0.603) 6.0) 3.3) 96) 44 | 1.24) 0.43 
| 120 | 1.07) 0.528) 6.0) 3.2) 104, 38 | 1.22) 0.30 
175 | 1.12) 0.497) 6.1) 2.9) 113, 40 1 


-26) 0.28 
| 





* Aoeo is the difference in the absorbance at 260 and at 310 mu. 
+ N, results obtained with untreated cells. 
t Chl, results obtained with chloramphenicol-treated cells. 
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nucleic acid increased as much as 80 per cent, whereas the rise 
in DNA never exceeded 50 per cent. 

After the removal of the antibiotic and the radioactive nucleo- 
side and after the resuspension of the culture in the glucose-salts 
medium without lysine (resting medium), a breakdown of part of 
the ribonucleic acids of the cells was observed. As can be seen 
in Table I, the total nucleic acid fraction exhibited a loss of 
material absorbing in the ultraviolet and a decrease in radio- 
activity. DNA remained constant or increased slightly during 
this period with respect both to quantity and to specific activity, 
The specific activity of the DNA was determined in a separate 
experiment in which it was separated from protein and RNA 
as described above; 360, 399, 406, and 396 c.p.m. were recorded 
in the DNA of cells from 50 ml. of culture at times 0, 1, 2, and 3 
hours, respectively. Figs. 2 and 3, discussed below, also show 
the decrease in nucleic acid ribose which paralleled the loss of 
ultraviolet-absorbing material. The products resulting from 
the decomposition of the RNA were apparently eliminated from 
the cells, since there was also a loss of radioactive and ultraviolet- 
absorbing material from the acid-soluble fraction of the cells in 
the course of incubation in resting medium. 

In contrast to the instability of the ribonucleic acids formed in 
the presence of chloramphenicol, those synthesized under con- 
ditions of normal growth seemed to be stable. This was not 
only true for the untreated organisms, in which no loss of nucleic 
acids or radioactivity was observed after almost 3 hours in the 
resting medium, but also for the ‘normal’? RNA of cells that 
had been treated with chloramphenicol; the RNA portion formed 
before the addition of the antibiotic showed little sign of insta- 
bility. This was determined in a separate experiment conducted 
in a similar manner; but in this case the “normal” nucleic acids 
were labeled radioactively. The lysine auxotroph of E. coli 
previously used was grown from a small inoculum in glucose- 
salts medium which included lysine and adenosine-8-C“. When 
the culture was in the early logarithmic phase of growth, the 
cells were harvested, washed, resuspended in fresh, nonradio- 
active medium containing lysine, and incubated at 37° for 15 to 
30 minutes before chloramphenicol was added; the experiment 
was then continued as described previously. During the sus- 
pension in resting medium the cells again lost RNA, as indicated 
by the decrease in nucleic acid ribose (Table I1). There was, 
however, only a small loss of radioactivity from the nucleic 
acids, less than 13 per cent in one experiment and almost none 
in the other. 

Instability of RNA during Exposure of Cells to Chlorampheni- 
col—The decomposition, after removal of the antibiotic, of a 
part of the ribonucleic acids formed during the treatment of 
E. coli with chloramphenicol prompted the question whether 
this RNA also exhibited its instability while it was being formed 
in the presence of chloramphenicol. This problem was investi- 
gated in the following manner. The nucleic acids formed during 
the early stages of the treatment with chloramphenicol were 
tagged by means of adenosine-8-C™ and the retention of this 
label by the cells was examined after an excess of nonlabeled 
nucleoside had been added to the medium. Fig. 1 shows that 
whereas formation of RNA continued for | hour after the addi- 
tion of unlabeled adenosine, radioactivity was lost from the 
nucleic acid fraction of the cells. The unstable ribonucleic 
acids thus seem to be continually breaking down at the same 
time as new RNA is being formed. In a similar experiment 
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Tas_e II 
Stability of ‘‘normal’’ RNA after exposure of Escherichia 
coli to chloramphenicol 

‘Normal’ RNA refers to that fraction of the ribonucleic acids 
of chloramphenicol-treated /. coli that had been formed before 
the exposure of the cells to the antibiotic. In this experiment, 
the ‘‘normal’’ RNA of the lysine auxotroph of Z£. coli M26-26 was 
radioactively labeled by growing the cells in glucose-salts medium 
containing lysine (20 wg. per ml.) and adenosine-8-C™ (1.6 X 105 
c.p.m. perumole). In Experiment 1, 3.3 X 10-4 wmoles per ml. of 
adenosine were added, in Experiment 2, 5.1 X 107°. When the 
cells were in the early logarithmic phase of growth they were 
harvested, washed, and suspended in fresh medium containing 
lysine but no radioactive adenosine; chloramphenicol (30 wg. per 
ml.) was added after 15 to 30 minutes of incubation at 37°. After 
1 hour’s exposure to the antibiotic the cells were again harvested, 
washed, and resuspended in medium without lysine. The results 
refer to analyses carried out on the cells in resting medium and 
are reported per ml. of cell suspension. 


Adenosine-8-C'* 


Time (min.) RNA* | incorporated 
pg./ml mymoles/ml. 
Experiment 1 
0 44.4 1.39 
10 39.6 1.38 
75 36.1 1.33 
» 190 31.2 1.21 
Experiment 2 
0 16.7 4.80 
56 14.9 5.16 
125 11.5 5.00 
195 10.6 4.89 


* Determined by the orcinol reaction (10). 


with untreated cells no label was lost from the nucleic acids 
after dilution of the radioactivity in the medium. 

Stepwise Labeling of Unstable RNA—The breakdown of the 
unstable RNA usually reached a plateau when 50 to 60 per cent 
of the radioactivity and 25 to 40 per cent of the total RNA had 
been lost from the chloramphenicol-treated cells. It thus seemed 
as if part of the RNA formed in the presence of chloramphenicol 
had been rendered stable. This question was investigated by 
a study of the loss of radioactivity from nucleic acid labeled at 
various times after the addition of chloramphenicol. £. coli 
strain 83-5 was grown as described above. After addition of 
chloramphenicol to the exponentially growing cells, the culture 
was divided into three parts, to one of which adenine-8-C™ was 
added immediately (Flask 1). At 20-minute intervals the 
radioactive purine was added to each of the other two parts in 
Flasks 2 and 3. Approximately 1 minute after the addition 
to Flask 3 the cells in all of these containers were collected, 
washed, and resuspended in resting medium. The results show 
that although the extent of RNA decomposition was the same 
in all preparations (Fig. 2A), the loss in radioactivity was in- 
versely proportional to the age of the newly formed RNA (Fig. 


| 2B). 


In one experiment the ribonucleotides formed after alkaline 
hydrolysis were separated from DNA chromatographically by 
means of the isopropanol-NH; solvent (11) and then eluted and 
counted. Qualitatively, the results were the same as above; 
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Fig. 1. Instability of RNA during exposure of Escherichia 
coli to chloramphenicol. Cells of the phenylalanine-requiring 
strain of FZ. coli 83-5 were used. At 0 minutes, chloramphenicol 
(30 wg. per ml.) and adenosine-8-C™ (3.8 X 10-* wmoles per ml.; 
specific activity, 170,000 c.p.m. per umole) were added to the 
logarithmically growing culture. After 35 minutes (arrow) an 
excess of nonradioactive adenosine (8.6 X 10-! wmoles per ml.) 
was added to dilute the radioactivity in the medium. Samples 
were removed at intervals and the total radioactivity (A) and 
RNA (@) were determined. The results are reported per ml. of 
cell suspension. 
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Fia. 2. Stepwise labeling of the unstable RNA. Chloram- 
phenicol (30 ug. per ml.) was added to exponentially growing cells 
of Escherichia coli strain 83-5. The culture was then divided 
into three parts; Flask 1 (@) received adenine-8-C™ imme- 
diately; the radioactive adenine was added to Flask 2 (A) after 
20 minutes and to Flask 3 (heragons) 20 minutes later. 1 minute 
after the addition to Flask 3, the cells were collected, washed, and 
resuspended in resting medium. At intervals, samples were 
removed and the RNA (A) and radioactivity (B) were determined. 
The results are expressed as per cent of the value at the start of 
incubation in resting medium. 
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after 139 minutes the RNA of Flask 1 had lost 67 per cent of its 
activity, Flask 2, 72 per cent, and Flask 3, 80 per cent. 

Effect of Readdition of Chloramphenicol—The readdition of 
the antibiotic to chloramphenicol-treated cells in resting medium 
has been shown to result in a rapid resynthesis of RNA and a 
reincorporation of the breakdown products that had been re- 
leased into the medium (4). We have confirmed these results 
and extended them to show that, as during the original treatment 
with chloramphenicol, the unstable RNA continues to break 
down while the cells synthesize RNA. Fig. 3 illustrates one 
experiment with the phenylalanine-requiring strain of EH. coli 
83-5, in which the nucleic acids formed after the addition of 
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Fig. 3. Readdition of chloramphenicol to Escherichia coli in 
resting medium. Cells of the strain described in Fig. 2 were 
exposed to chloramphenicol (20 ug. per ml.) in the presence of 
adenosine-8-C" (2.9 X 10-3 umoles per ml.; specific activity, 170,000 
¢.p.m. per ywmole) for 50 minutes. The cells were harvested, 
washed, and resuspended in resting medium. After 45 minutes 
(arrow) chloramphenicol (30 wg. per ml.) was added to Flask 2 
(A); Flask 3 (hexagons) received chloramphenicol together with 
a mixture of purine bases and nucleosides (47 wg. per ml. each of 
adenine and adenosine, 24 ug. per ml. each of guanine and guano- 
sine); no additions were made to Flask 1 (@). Parts A and B 
have the same significance as in Fig. 2. 


TaB_e III 
Nucleotide composition of RNA of chloramphenicol-treated Escherichia coli before and after incubation of cells in resting medium 


All experiments were performed with E£. coli strain M26-26. See the text for general experimental conditions 


Nucleotide in RNA (moles/100 moles)* 


Experiment No. Adenylic acid Guanylic acid 


A B A B 
3 25.6 25.3 28.9 29.9 
4 26.1 25.6 27.8 29.6 
5 25.1 24.7 29.3 29.9 
6 25.6 25.3 31.2 32.4 
Average 25.6 25.2 29.3 30.5 


* Column A lists the analyses carried out with chloramphenicol-treated cells before they were suspended in resting medium; Column 
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chloramphenicol to the exponentially growing cells were again 
labeled by means .of adenosine-8-C™. 45 minutes after sus- 
pension of the cells in resting medium the culture was divided 
into three parts. Chloramphenicol (30 wg. per ml.) was added 
to two of them, one of which also received a mixture of non- 
radioactive purine bases and nucleosides (47 ug. per ml. each of 
adenine and adenosine, and 24 yg. per ml. of guanine and guano- 
sine) to dilute the radioactive breakdown products of the RNA 
in the medium; no addition was made to the third fraction. It 
can be seen in Fig. 3 that (a) the RNA in the fraction without 
chloramphenicol continued to break down as shown by the loss 
of both ribose and carbon-14 from the nucleic acid fraction of 
the cells (Curve 1); (b) the fraction treated with chloramphenicol 
alone showed an increase in RNA, with augmentation of both 
the ribose and radioactivity after the readdition of the antibiotic 
(Curve 2); and (c) the fraction treated with chloramphenicol in 
the presence of the added bases and nucleosides showed an 
increase in nucleic acid ribose whereas the radioactivity continued 
to decrease (Curve 3). 

Nucleotide Composition of Unstable RNA—The nucleotide 
composition of the ribonucleic acids of chloramphenicol-treated 
cells before suspension in resting medium was compared with 
that after incubation for 1 hour in this medium. The results 
presented in Table III indicate that there was no change in the 
composition of the total ribonucleic acids as a consequence of 
the breakdown, nor was there a change in the molar ratios of 
purines to pyrimidines or in the ratio of 6-amino to 6-keto 
nucleotides (12). During the time of incubation the amount 
of RNA in the cells decreased by 20 to 30 per cent. 

A preferential loss of one nucleotide during the decomposition 
of the unstable RNA is also excluded by the data in Table IV. 
The nucleic acids formed in the presence of chloramphenicol 
were labeled with adenosine-8-C™ or with uniformly labeled 
C'-guanosine. Except in Experiment 6, in which adenosine 
of high specific activity was used, only the purine nucleotides 
isolated were active enough to be accurately counted. It will 
be noted that, during incubation in resting medium, the specific 
activity values of the ribonucleotides of normally grown cells 
showed little change, whereas the specific activity values of the 
ribonucleotides from chloramphenicol-treated cells decreased. 
The per cent decrease was about the same for both purine nucleo- 


Molar ratiost 


ytidylic acid : Uridylic acid Purines to pyrimidines 6-Am to 6-K 
A B A B A B | A B 
| . sis 

5.3 25.6 20.2 19.2 1.20 .24 1.04 1.04 
5.1 23.6 21.0 21.2 wf 1.28 1.05 0.97 
3.4 25.8 22.3 19.6 1.19 .20 0.94 1.02 
a 24.0 19.5 18.4 1.31 1.36 0.97 0.97 
4.4 24.7 20.8 19.6 1.22 26 1.00 1.00 


B refers to analyses on the cells after incubation in the medium for 1 hour. 

+ The first two columns report the ratio of the molar sum of purine nucleotides (adenylic and guanylic acids) to that of the pyrimi- 
dine nucleotides (cytidylic and uridylic acids); the following two columns indicate the ratio of the molar sum of 6-amino nucleotides 
(adenylie and cytidylic acids), abbreviated 6-Am, to that of the 6-keto nucleotides (guanylie and uridyliec acids), abbreviated 6-K. 
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TABLE IV 
Measures of specific activity of Escherichia coli RNA and RNA constituents* 
| | | Specific activityt 
- | Lenin 
oe | Nucleoside as precursor in experimentt Component | Normal Chloramphenicol 
| A B Change A | B Change 
a : paccpaiiaiis So wiliiiamecesatints ef — 
| % | % 
3 Adenosine-8-C™% (2.5 X 10°? | Total RNA | 462 427 | —8 
umoles/ml.) | Adenylic acid | 2382 2342 | —2 
| Guanylic acid | 2625 2489 —5 
| 
4 | Adenosine-8-C' Adenylic acid | 493 473 | —4 301 233 —23 
| Guanylic acid | 517 560 +8 372 275 — 26 
| | 
5 Adenosine-8-C"™ (1.7 X 107! | Adenylie acid | 912 878 —4 511 375 —27 
umoles/ml.) Guanylic acid 1000 935 -—7 494 376 | 3 —24 
6 Adenosine-8-C' (4 X 10-* wmoles/| Adenylic acid 6410 6320 —1 7380 6030 | —18 
ml.) Guanylic acid 6390 6810 +7 5750 5140 —l1 
Cytidylie acid (416) (373) | (—10) (289) (206) (—29) 
7 Adenosine-8-C™ (3 X 107? Total RNA | 531 357 | —33 
| mmoles/ml.) Adenylie acid 1984 14145 | -—29 
Guanylie acid 2275 1731 | —24 
| 
Ss Guanosine, uniformly labeled Adenylie acid 200) (131) | (—34) 
(1.4 X 107? ymoles/ml.) Guanylic acid 1006 841 | —16 
9 Adenosine-8-C™ (7.5 X 107% Total RNA 419 329 —21 
umoles/ml.) Adenylic acid 1146 912 —20 
Guanylie acid 1171 970 -17 


* The experimental conditions were the same as those for Table II]; the columns headed A and B have the same significance as in 


that table. 
with untreated cells. 


“Chloramphenicol” refers to the results obtained with chloramphenicol-treated E. coli; ‘“Normal’’ designates the results 


+ The specific activity values of the radioactive nucleosides added were as follows (¢.p.m. per zmole): Experiments 3, 7, and 9, 10,700; 
I J p.m. pi 


Experiment 5, 1460; Experiment 6, 187,000; Experiment 8, 11,800. 


t The specific activity of RNA is expressed as c.p.m. per mg. of cells (dry weight); that of the nucleotides as c.p.m. per umole. 
The radioactivity in Experiments 3, 7, 8, and 9 was measured with a thin end window counter; that of the others with a gas flow coun- 


ter equipped with Micromil window. 


tides and was generally equal to the decrease in the specific 
activity of the total ribonucleic acids whenever this was deter- 
mined. The greater decrease in the specific activity of adenylic 
acid, compared to that of guanylic acid, in Experiment 8 is 
probably not significant because the activity of the former was 
calculated from a low counting rate, with a consequent large 
probability of error; the same is true for the eytidylic acid in 
Experiment 6. These findings were not affected by the addition 
of nonradioactive adenosine or guanosine to the cells in resting 
medium. 


DISCUSSION 


In a preceding paper on this subject (3) we have defined the 
terms applied in these studies to some properties of the global 
ribonucleic acid of EF. coli, namely, invariability, which is the 


| absence of compositional variation, and stability, which is the 


resistance to decomposition. It is clear that both properties 
characterize the ribonucleic acids made by the organisms in 
the course of their normal growth, whereas only the first, 7.e. 
invariability of nucleotide composition, persists if the formation 


of RNA takes place under conditions of the suppression of 


Values based on low counting rates are placed in parentheses. 


simultaneous protein synthesis. The nucleic acid portion pro- 
duced without the accompaniment of protein formation is 
largely degraded in resting cells to diffusible units, regardless of 
whether the cells are unable (Table I) or able (Figs. 1 and 3) 
at the same time to synthesize fresh RNA. The instability of 
RNA synthesized in the presence of chloramphenicol has also 
been observed recently by other workers (4, 5). 

On the other hand, the nucleic acid portion formed under 
conditions of normal growth remains stable in resting cells, 
both in the absence and in the presence of chloramphenicol. 
That the nucleic acids of EZ. coli are quite stable metabolically, 
at least in rapidly growing cells, has been shown repeatedly 
(13-15). 

It is consequently necessary to distinguish between two 
general, but possibly interdependent, types of RNA in E. coli: 
one stable, the other unstable, and both presumably comprising 
many differently composed nucleic acid molecules. The for- 
mation, or at least the accumulation, of the unstable variety may 
be said to be attributable to the presence of the antibiotic; and 
it is not unreasonable to assume that there is a direct connection 
between the known effect of chloramphenicol, ¢.e. the inhibition 
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of protein synthesis, and the appearance of unstable RNA. 
The mechanism through which this connection is established, 
however, remains largely conjectural. What has to be stressed 
is that, in agreement with the previously demonstrated compo- 
sitional invariability of the ribonucleic acid (3), the synthesis in 
the presence of chloramphenicol and the disassembly of this 
polymer studied here follow similar patterns, and that no prefer- 
ential degradation of certain nucleotide sequences is discernible. 

It is pertinent to consider both the agent of and the reason 
for the decay. In regard to the former, enzymic action seems 
probable, although it is not the only possibility. If such is the 
-ase the degradation is presumably the result of multiple enzyme 
action, with nucleases, phosphodiesterases, monoesterases, and 
nucleosidases involved; were a specifie nuclease the only agent, 
an analytically observable change in the nucleotide composition 
of the residual RNA could have been expected. 

Several possible, although not equally plausible, reasons for 
the ready degradation of a portion, or all, of the nucleic acid 
formed in the presence of chloramphenicol can be proposed. 
(a) The RNA thus made is nonfunctional, a pathological by- 
product, and, for reasons of structure or sequence, is more 
susceptible to enzymic attack; this possibility is, however, rather 
unlikely. (6) The unstable RNA does not differ from that 
normally made by the growing cells, but represents an arrested, 
intermediary stage in an obligatory pathway to a more complex 
substance, e.g. a nucleoprotein, that is less susceptible to enzymic 
degradation. That this progression is considerably retarded, 
but not entirely blocked at the chloramphenicol concentrations 
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used in our studies can be noted in the experiments illustrated 
in Fig. 2 which show the relative instability of the RNA to be 
a function of the time of its formation in the presence of the 
antibiotic. 

It would be of great interest to ascertain whether the ribo- 
nucleic acids produced in the absence of simultaneous protein 
synthesis show biological activity. Recent reports on the 
existence of specific ribonucleic acids (16-19) may lead to the 
discovery of a suitable test system. 


SUMMARY 


The ribonucleic acid formed by two amino acid auxotrophs of 
Escherichia coli during the exposure of the cells to chlorampheni- 
col is largely unstable and readily degraded to diffusible products. 
This decomposition occurs both in the presence of the antibiotic 
and after its removal, when the treated cells are suspended in 
resting medium from which the amino acid supplements have 
been omitted. The decomposition continues during the syn- 
thesis of ribonucleic acid which follows the readdition of chlor- 
amphenicol to the resting medium. 

The relative instability of the newly formed ribonucleic acids 
is a function of the time at which they were formed in the pres- 
ence of chloramphenicol. The nucleotide composition of the 
ribonucleic acids is the same before and after the breakdown 
of the unstable portion. The ribonucleic acid of untreated 
cells and the nucleic acid portion of chloramphenicol-treated 
cells that was formed before the addition of the antibiotic remain 
comparatively stable under resting conditions. 
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An Analysis of the Acid-soluble Fraction of Normal and 
T2r-infected Cells of Escherichia coli, Strain B* 
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The present report concerns a comparison of the acid-soluble 
fraction of normal Escherichia coli strain B with that from a strain 
of the same cells after infection with bacteriophage T2r. The 
first object of this study was to determine whether virus infec- 
tion causes the appearance of compounds in the acid-soluble 
fraction which are specific components of the virus nucleic acid, 
such as the deoxynucleotides, 5-hydroxymethylcytosine deoxy- 
ribotide, and 5-glucosyl hydroxymethyleytosine deoxyribotide 
(1). Also it was hoped that a comparison of the P® uptake of 
the components of the acid-soluble fraction with that of thenewly 
synthesized virus would indicate whether any specific compo- 


nents of the former were utilized for viral synthesis. 


EXPERIMENTAL 


Materials and Methods—E. coli strain B was maintained on 
agar slants with periodic transfers. The bacteriophage used was 
the strain T2r (2) which has a latent period of 21 minutes (3). 
The virus was prepared by infection of F. coli strain B by con- 
fluent lysis on agar plates (4). 

E. coli was grown in a tris(hydroxymethyl)aminomethane- 
glucose medium, having the following composition: 6.4 ml. of 
0.1 am KH.PO,; 2 ml. of 0.1 a MgS0O,; 100 ml. of 10 x salts (see 
below); 100 ml. of 1.0 tris(hydroxymethyl)aminomethane chlo- 
ride adjusted to pH 7.4; and 690 ml. of H.O. The complete 
medium was prepared by adding 9 volumes of the above auto- 
claved solution to 1 volume of autoclaved 2 per cent glucose. 
The composition of the 10 x salts was as follows: 54 gm. of NaCl; 
30 gm. of KCl; 11 gm. of NH,Cl; 10 ml. of 0.1 Mm CaCl; and 990 
ml. of HO. This is a low phosphate medium (1.45 mg. of P per 
1.) and avoids the presence of large quantities of nonradioactive 
phosphorus. The bacteria were grown in 1200-ml. portions in 
2-liter, flat-bottomed culture flasks with continuous automatic 
shaking at 37° to provide maximal] aeration. The cells were 
grown to a titer of 3 to 5 & 108 cells per ml. (as determined by 
turbidity measurements and viable counts), centrifuged in a 
Sharples supercentrifuge and resuspended in one-fifth of the orig- 
inal volume of fresh tris(hydroxymethyl)aminomethane-glucose 
medium. 

Four types of experiments were performed with the resus- 
pended bacterial cells. (a) Inorganic P® was added at a con- 


* Aided by a grant from The National Foundation for Infantile 
Paralysis. This material is taken from a thesis submitted by 
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Cincinnati General Hospital, Cincinnati, Ohio. 


centration of 1 me. per 5 X 10" bacteria in 200 ml. of medium 
and the culture was aerated at 37°. 10-ml. aliquots were taken 
at 2, 5, 10, 15, 20, and 30 minutes. Determination of the P® 
content of the whole bacteria, the medium, and the acid-soluble, 
alcohol-soluble, DNA and RNA fractions was obtained by .a 
combination of the methods described by Schneider (5) and 
Schmidt and Thannhauser (6). (6) This experiment was iden- 
tical to the type described above with the exception that T2r 
virus, at a multiplicity of 5 virus particles per bacterium, was 
introduced concomitantly with the addition of P®. Virus was 
isolated after 30 minutes and its specific activity was determined. 
(c) The acid-soluble fraction from 151. of normal E. coli was pre- 
pared according to the procedure of Hurlbert et al. (8). (d) The 
acid-soluble fraction prepared from 15 1. of T2r-infected E. coli 
was prepared as in (c) above. Incubation was stopped after 
15 minutes (before the appearance of any newly synthesized 
virus) by pouring the suspension into a flask cooled in a Dry 
Ice-acetone mixture. 

Counts of viable bacteria were made in all experiments with 
normal £. coli, and plaque counts (7) were made to determine the 
number of infective centers in the experiments with infected 
cells. 

Chromatography of Acid-Soluble Fraction—Chromatographic 
separation of the components of the acid-soluble fraction of both 
normal and T2r-infected cells was carried out by the method of 
Hurlbert et al. (8). This permitted the elution of 97 per cent of 
the total ultraviolet-absorbing material placed on the columns. 
P® counts were made on 0.1-ml. samples of each fraction. 

Rechromatography and Purification of Compounds—The fur- 
ther purification of the components obtained above involved 
treatment with Norit A (9) to absorb the nucleotides, subsequent 
elution with ammoniacal ethanol, and evaporation of the latter 
to dryness in a rotary flash evaporator. Where several compo- 
nents were present in a single peak, rechromatography was car- 
ried out with the use of ammonium formate (8). (The compounds 
were identified by paper chromatography involving two solvent 
systems: (a) isobutyric acid-ammonium hydroxide (10) and (6) 
buffered ammonium sulfate-n-propanol (11). Ultraviolet-ab- 
sorbing spots were eluted from the paper, and their ultraviolet 
spectra were determined in acid and base, and compared with 
values given in the literature (12, 13). When sufficient material 
could be isolated and purified, phosphorus was determined by 
the Gomori modification of the Fiske-SubbaRow method (14) 
and ribose was determined by the Mejbaum method (15). 
(Samples were heated for 45 minutes according to the procedure 
of Albaum and Umbreit (16).) Deoxyribose was determined 
by the method adapted by Seibert (17). Although this method 
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allows for detection of purine nucleotides only, bromination of the 
sample (18) before the diphenylamine reaction permits semi- 
quantitative determination of pyrimidine nucleotides as well. 


RESULTS AND DISCUSSION 


Rate of P® Incorporation—Fig. 1 shows the uptake of radio- 
active P? by the various fractions of normal E£. coli strain B, 
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during the logarithmic phase of growth. Rapid incorporation 
of the phosphorus of .the medium into the acid-soluble fraction 
is accompanied by slower incorporation into the other fractions. 
The sudden increase in the rate of incorporation into the RNA 
fraction at 10 minutes is presumably a reflection of vigorous RNA 
synthesis. No such increase is observed with the DNA fraction 
in which the rate of incorporation parallels that of the whole 
bacteria and of the alcohol-soluble fraction. 

Fig. 2 shows the rate of phosphorus uptake by the various 
fractions of FE. coli strain B infected with T2r at a multiplicity 
of 5. The most striking difference between the normal and in- 
fected systems lies in the relatively rapid incorporation of phos- 
phorus into the DNA fraction of the virus-infected system, 7.e. 
about 8 times greater than in the normal system. This is to be 
expected by virtue of the vigorous DNA synthesis required for 
viral replication just as the uptake of P® into the RNA-phos- 
phorus supports the observation of Volkin and Astrachan (19) 
that a rapid and transient incorporation of P® into this fraction 
occurs after infection although there is negligible synthesis of 
RNA (20, 21). Furthermore, the facts that the DNA-phos- 
phorus of the newly synthesized virus has 85 per cent of the 
specific activity of the medium phosphorus and that the acid- 
soluble phosphorus of the infected system has only 47 per cent 
suggest that the acid-soluble fraction is heterogeneous, with 
those nucleotides which have a higher than average specific ac- 
tivity contributing phosphorus to the newly synthesized virus 
DNA. 

Analysis of Acid-Soluble Fraction—The chromatographic 
separation and P* distribution of the components of the acid- 
soluble fraction from 151. of normal E. coli strain B are shown in 
Fig. 3. The analytical data for the identification of these com- 
pounds are listed in Table I. The ultraviolet-absorbing com- 
pounds represent 64 per cent of the total phosphorus of the acid- 
soluble fraction. Of the compounds not absorbing in the ultra- 
violet only the major components, inorganic orthophosphate and 
pyrophosphate, constituting the bulk of this fraction, were iden- 
tified. 

The molar proportions of the bases in the acid-soluble fraction 
of normal E. coli strain B relative to adenine are as follows: 
adenine, 1.00; guanine, 0.99; cytosine, 0.09; uracil, 0.95; and 
thymine, 0.09. Schmitz et al. (22) have reported that the 
amount of cytosine nucleotides is small in comparison with the 
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TaBLe [| 
Identification of (and analytical data for) components of acid-soluble fraction of E. coli strain B 


Normal 


| 








| T2r-infected 


| Amount of | 


Compound Amount of 
Peak } compound | umoles P/umoles | umoles ribose/ Peak compound j|ymoles P/ymoles | umoles ribose/ 
|present in terms base umoles base present in terms a umoles base 
| of phosphorus | | of phosphorus 
—_—- ——- — —_——_—_——_ - | | . — | = 
| BB. He. 
Hypoxanthine......... , I II 
Xanthosine............. I 1.010 
DUNN 5c o5uas.%cc II 
Adenosine monophosphate UI 112 1.075 1.110 | III 455 0.825 1.010 
Adenosine diphosphate. . . . v | 730 1.961 0.989 V 881 | 1.875 0.828 
Adenosine triphosphate VII 1302 2.845 1.012 VII 1120 2.870 . 
Deoxyadenosine diphosphate t ¥ V | . | 
Deoxyadenosine triphosphatet Vil 574 2.765 , 
SINE Seis sures seins I | | 0.770 
Guanosine monophosphate IV 305 1.010 1.031 IV | 147 0.910 0.875 
Guanosine diphosphate. . . . VI 1775 1.828 0.919 
Guanosine triphosphate. . VIII 32 ° . | 
Deoxyguanosine monophosphateft. IV 185 0.825 
Uracil. ... mae cer I | I 
Uridine monophosphate IV 505 1.070 0.760 IV 188 0.968 0.885 
Uridine diphosphate . Vil 612 . 0.765 
Uridine triphosphate VIII 66 2.781 . VII 417 2.750 0.828 
Uridine diphosphate-X VI 838 2.102 0.965 VI 394 2.290 0.794 
Deoxyuridine monophosphate Vv V 164 0.940 
Thymidine monophosphate IV 200 1.007 IV 274 0.635 
Thymidine diphosphatet VI 1210 1.911 
Cytidine monophosphate II | 188 0.901 . II * 0.639 
* Insufficient for analysis. 
+ Positive diphenylamine reaction. 
other nucleotides in the acid-soluble fraction of rat liver. The TaBLe II 


compound uridine diphosphate-X was isolated in insufficient 
quantity to establish its possible identity with such compounds 
as uridine diphosphate glucose, uridine diphosphate glucuronic 
acid, or uridine diphosphate \V-acetylglucosamine isolated by 
Hurlbert and Potter (23) from the acid-soluble fraction of rat 
liver. 

The specific activities of the various nucleotides isolated in the 
With the exception of 
uridine triphosphate the specific activities of the nucleotides 
increase with phosphorylation. Since the uptake of P* by the 
RNA fraction was high (Fig. 1), the fact that the di- and tri- 
phosphate nucleotides of the acid-soluble fraction of normal cells 
have a high P® specific activity suggests that the di- or triphos- 
phates or both may play an active role in RNA synthesis. In 
this connection, one will recall the demonstration by Ochoa 
et al. (24, 25) of a polynucleotide phosphorylase in Azotobacter 
which catalyzes the incorporation of 5’-nucleoside diphosphates 
into ribopolynucleotides according to the following equation: 


normal system are shown in Table IT. 


n (X—R—P—P) S (X—R—P), + 1 Pj 


(where R stands for ribose; P—P, for pyrophosphate; Pi, for 
orthophosphate; and X, for one or more of the purine or pyrimi- 
dine bases). 

At 15 minutes the specific activity of the RNA-phosphorus is 
about 20 per cent that of the medium phosphorus (590 ¢.p.m. 
per wg.), 7.e. about 120 ¢.p.m. per wg. of P. Uniform distribution 
of radioactivity in RNA would necessitate, therefore, a specific 


Specific P* activity of nucleotides of acid-soluble fraction of normal 
and T2r-infected E. coli strain B 


Specific activity 
(c.p.M./ pg. P) 


Compound 


Normal cells T2r-infected cells 


Experi- | Experi- | Experi- | Experi- 
mentI mentII| mentI ment II 
c.p.m./pg. P c.p.m./ps. P 

Adenosine monophosphate 220 210 590 500 
Adenosine diphosphate 290 300 660 470 
Adenosine triphosphate 430 390 130 110 
Deoxyadenosine triphosphate 20 
Guanosine monophosphate 330 240 
Guanosine diphosphate 190 200 
Deoxyguanosine monophosphate 920 1220 
Uridine monophosphate 220 200 170 150 
Uridine diphosphate 280 330 
Uridine diphosphate-X 410 420 260 270 
Uridine triphosphate 290 220 30 20 
Deoxyuridine monophosphate 240 200 
Cytidine monophosphate 110 460 760 
Thymidine monophosphate 70 80 110 110 
Thymidine diphosphate 50 
Medium 590 910 


activity of 120 ¢.p.m. in the primary phosphorus atom of each 
nucleotide. However, since it was impossible to isolate sufficient 
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quantities of the compounds to permit analysis of the distribu- 
tion of the radioactivity, it is possible that combination of nu- 
cleotides with low specific activities with nucleotides having high 
specific activities is responsible for the specific radioactivity of 
the RNA. Even the monophosphorylated compounds listed in 
Table I with specific activities less than 120 ¢.p.m. per ug. of P 
cannot be ruled out as possible precursors of RNA. 

Fig. 4 shows the chromatographic separation and P® distribu- 
tion of the acid-soluble fraction of T2r-infected EF. coli strain B. 
The ultraviolet-absorbing compounds comprise 66 per cent of the 
total P of the acid-soluble fraction. As with the uninfected sys- 
tem, the major components not absorbing in the ultraviolet of 
the acid-soluble fraction are inorganic orthophosphate and pyro- 
phosphate. Table I lists the analytical data for the ultraviolet- 
absorbing compounds. 

Perhaps the most interesting finding with the infected system 
is the presence of deoxyuridine monophosphate, which has not 
previously been reported as a component of either normal of 
T2r-infected cells of E. coli strain B. The compound is found in 
Peak V of the original formic acid-ammonium formate chromato- 
gram, whereas uridine monophosphate is eluted from the col- 
umn in Peak IV (Fig. 3). Rechromatography of Peak V with 
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the use of an ammonium formate system of elution separates the 
compound from the other components of Peak V (Fig. 5). The 
R,»’s of uridine monophosphate and deoxyuridine monophosphate 
in ammonium sulfate-n-propanol solvent were 0.66 and 0.58, 
respectively. The compound gives 0.940 mole of phosphorus 
per mole of base and 1.120 moles of deoxyribose per mole of base. 
The deoxyuridine monophosphate which is found in the acid- 
soluble fraction in the infected system is presumably utilized for 
the thymidine of the virus DNA, a conclusion based on the ex- 
periments of Friedkin (26) demonstrating the enzymic conver- 
sion of deoxyuridine-5’-phosphate to thymidine triphosphate. 

It is also of interest that the acid-soluble fraction of the in- 
fected system does not contain detectable quantities of the 5-hy- 
droxymethyleytosine or 5-hydroxymethyleytosine nucleotides. 
Hydrolysis of the cytidine monophosphate yielded only cytosine, 
not 5-hydroxymethyleytosine. An additional experiment, in 
which the acid-soluble fraction of T2r-infected cells was chro- 
matographically separated on a Dowex 1 column with the use 
of an elution range of 0.001 N to 4 N formic acid and 400 tubes, 
did not reveal the presence of detectable quantities of any cy- 
tosine-containing compound other than cytosine monophos- 
phate. On the basis of the experiments of Vidaver and Kozloff 
(27) one would expect approximately 5 to 15 mg. of 5-hydroxy- 
methylcytosine to be present in the DNA of 15 1. of T2r-infected 
cells at 15 minutes. There is, therefore, less than 1 per cent of 
the total 5-hydroxymethyleytosine present in the acid-soluble 
fraction. Either (a) the amount present in the acid-soluble 
fraction at any moment is too small for the methods of analysis 
to discern or (b) the newly synthesized 5-hydroxymethylcytosine 
is incorporated directly into the virus DNA. 

The molar ratios of the bases in the acid-soluble fraction of the 
infected system are: adenine, 1.0; thymine, 0.54; uracil, 0.38; 
guanine, 0.11; and cytosine, 0.08. 

Table IL shows the specific P* activity for the isolated nucleo- 
tides from the acid-soluble fraction of the infected system. In 
contrast with the normal system this table shows that the mono- 
phosphates and adenosine diphosphate account for the major 
portion of the specific activity. Since the medium has a specific 
activity of 910 and the DNA-phosphorus contains approximately 
45 per cent of the specific activity of the medium at 15 minutes, 
this would mean a value of approximately 400 ¢.p.m. per ug. of 
P for the DNA. Most of the polyphosphorylated nucleotides 
have too low a specific activity to be considered as precursors of 
viral DNA, unless there is an unequal distribution of radioac- 
tivity in the DNA-phosphorus. Deoxyguanosine monophos- 
phate has an activity high enough to be a precursor of viral 
DNA-phosphorus as do cytosine monophosphate and adenosine 
monophosphate if there are mechanisms which would allow for 
the conversion of these latter ribomononucleotides into the cor- 
responding deoxyribomononucleotides. 

Bessman et al. (28) and Lehman et al. (29) have reported the 
presence of an enzyme in £. coli catalyzing the synthesis of poly- 
merized deoxyribonucleotides from the triphosphates of thy- 
midine, deoxyadenosine, deoxyguanosine, and deoxycytidine. 
However, the triphosphates of the infected acid-soluble fraction 
have too low a specific activity to be precursors of viral DNA- 
phosphorus. Hence it is not possible to postulate such a mecha- 
nism for viral DNA synthesis unless one could envision (in the 
infected system) an initial rapid incorporation of P® into the 
mononucleotides, with these being phosphorylated to form di- 
and triphosphorylated nucleotides by unlabeled phosphorus fur- 
nished by the host cell. The triphosphorylated nucleotides 
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would then be incorporated into the viral DNA, with cleavage of 
pyrophosphate, and the specific P® activity of the viral DNA- 
phosphorus would be derived from the primary phosphorus atom 
of the nucleotides. 

Finally, it should be noted that the infected system contains 
the deoxyribose nucleotides of adenine, guanine, and uracil, 
which are absent in the normal system. 


SUMMARY 


The acid-soluble fraction of Escherichia coli strain B and E. 
coli strain B infected with the bacteriophage T2r rapidly incor- 
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porates P® from the medium. The newly synthesized virus 
deoxyribonucleic acid phosphorus has, at 30 minutes, 85 per cent 
of the specific activity of the medium whereas the acid-solubie 
fraction reaches 65 per cent of this figure in the same time. 

In the normal system the bulk of the radioactivity is found in 
the di- and triphosphorylated nucleotides, indicating that these 
compounds may be precursors of ribonucleic acid, although mono- 
phosphate precursors cannot be ruled out. 

In the infected system, deoxyribonucleotides of adenine, gua- 
nine, and uracil are found. The bulk of the radioactivity is 
found in the monophosphorylated nucleotides. 


REFERENCES 


. SrinsHEIMER, R. L., Science, 120, 551 (1954). 

. HersHey, A. D., Genetics, 31, 620 (1946). 

. Detsruck, J., Biol. Revs. Cambridge Phil. Soc., 21, 30 (1946). 

. Swanstrom, M., anp Apams, M. H., Proc. Soc. Exptl. Biol. 
Med., 78, 372 (1951). 

. SCHNEIDER, W. C., J. Biol. Chem., 161, 293 (1945). 

6. Scumipt, G., AND THANNHAUSER, 8S. J., J. Biol. Chem., 161, 
83 (1945). 

. Hersuey, A. D., KaLMANsOoN, G., AND BRONFENBRENNER, J., 
J. Immunol., 46, 267 (1943). 


or - wonmwre 


8. HurvBertT, R. B., Scumitz, H., Brum, A. F., anp Porter, 
V.R., J. Biol. Chem., 209, 23 (1954). 
9. Crane, R. K., ano Lipmann, F., J. Biol. Chem., 201, 235 


(1953). 

10. MaGasanik, B., Viscuer, E., Donicer, R., Evson, 1)., 
Cuaraarr, E., J. Biol. Chem., 186, 37 (1950). 

11. Markuam, R., ANp Situ, J. D., Biochem. J., 49, 401 (1951). 

12. Beaven, G. H., Houipay, EF. R., anp Jounson, E. A., In E. 
CHARGAFF AND J. N. Davipson (Editors), The nucleic acids, 
Vol. J, Academic Press, Inc., New York, 1955, p. 493. 

13. Biochemical Data, California Foundation for Biochemical 
Research, Los Angeles, 1956. 

14. Gomort, G., J. Lab. Clin. Med., 27, 955 (1942). 


AND 


15. Mespaum, W., Z. 
(1939). 

16. AtBaum, H. G., ano Umpreit, W. W., J. Biol. Chem., 167, 
369 (1947). 

17. Serpert, F. B., J. Biol. Chem., 133, 593 (1940). 

18. Brapvy, T. G., anp McEvoy-Howg, E., Nature, 168, 299 (1951). 

19. VoLKin, E., aNpD AsTRACHAN, L., Virology, 2, 149 (1956). 

20. Conen, 8. 58., J. Biol. Chem., 174, 281 (1948). 

21. Manson, L. A., J. Bacteriol., 66, 702 (1953). 

22. Scumitz, H., HuRLBERT, R. B., ano Porter, V. R., J. Biol. 
Chem., 209, 41 (1954). 

23. HuRLBERT, R. B., anv Potter, V. R., J. Biol. Chem., 209, 1 
(1954). 

24.” BruMMonDb, D. O., anp Ocnoa, 8., Federation Proc., 15, 225 
(1956). 

25. Ocuoa, 8., Mir, S., ScHNEIDER, M. C., SMELLIE, R. M. 8S., 
Warner, R. C., anv Ortiz, P. J., Federation Proc., 16, 183 
(1957). 

26. FriepKIN, M., Federation Proc., 16, 183 (1957). 

27. Vipaver, G. A., AND Koz.torr, L. M., J. Biol. Chem., 225, 
335 (1957). 

28. BessMaNn, M. J., Lenman, I. R., Stums, E.8., anp KornBera, 
A., Federation Proc., 16, 153 (1957). 

29. Leuman, I. R., Bessman, M. J., Simms, E.S., anp KorRNBERG, 
A. J. Biol. Chem., 238, 163 (1958). 


physiol. Chem., Hoppe-Seyler’s, 258, 117 











The Synthesis and Function of Luciferyl-adenylate 
and Oxyluciferyl-adenylate* 


W. C. Ruopest anp Wiiiram D. McE roy 


From the McCollum-Pratt Institute and Department of Biology, The Johns Hopkins University, Baltimore, Maryland 


(Received for publication, May 28, 1958) 


In firefly extracts the initial step leading to light emission is 
the luciferase-catalyzed reaction between luciferin and adenosine 
triphosphate. Previous evidence indicates that the immediate 
products are LH:-AMP'! and P-P (1, 2). Light is produced when, 
in the presence of oxygen, LH.-AMP is oxidized to L-AMP. 
L-AMP is also produced enzymatically by the reaction of ATP 
and oxyluciferin. Therefore, the activation of both luciferin and 
oxyluciferin by ATP is analogous to the activation of fatty 
acids and amino acids (3-6). Demonstration of enzymatic 
synthesis of these acyl adenylates has been difficult, presumably 
because of their tight binding to the enzyme. Recently, how- 
ever, it has been possible to demonstrate the enzymatic synthe- 
sis of L-AMP (2). 

The chemical synthesis of both LH.-AMP and L-AMP, which 
will be described below, has made it possible to study the 
functions of these intermediates in the luminescence system. 
The data presented in this paper make it possible to calculate (a) 
the dissociation constant of the complex between luciferase and 
L-AMP, (6) the equilibrium constant for the activation of 
oxyluciferin by ATP, and (c) the free energy of hydrolysis of 
L-AMP._ The physical properties of LH.-AMP and L-AMP and 
the kinetics of light production from LH.-AMP are also de- 
seribed. 


EXPERIMENTAL 


Crystalline firefly luciferase was prepared by the method of 
Green and McElroy (7). In order to remove traces of contami- 
nating enzymes it was necessary to recrystallize the preparation 
two or three times. In most of the experiments reported in this 
paper, three times crystallized enzyme containing about 10 mg. 
of protein per ml. was used. 

Crystalline firefly luciferin and oxyluciferin were prepared 
according to the method of Bitler and McElroy (8). Optical 
density measurements at 327 my and 347 my at neutral pH were 
used to determine the concentration of luciferin and oxyluciferin, 
respectively. 

Adenylic acid, ATP, and other nucleotides were obtained from 
the Sigma Chemical Company. Pabst Laboratories’ CoA of 
approximately 70 per cent purity was used. Reduced CoA 
was prepared with NaBH, (9). 


*This work was supported in part by the National Science 
Foundation and is Contribution No. 238 of the MeCollum-Pratt 
Institute. 

+t National Science Foundation predoctoral fellow. 

'The abbreviations used are: LH2-AMP, luciferyl-adenylate; 
P-P, pyrophosphate; L-AMP, oxyluciferyl-adenylate; L-IMP, 
oxyluciferyl-inosinate; L-CoA, oxyluciferyl-Coenzyme A; and 
Tris, tris(hydroxymethyl)aminomethane. 


Fluorescent reactants and products were separated and 
identified by paper chromatography with Whatman paper No. 
3. The solvent was a mixture of ethanol (7 parts) and 1 mM am- 
monium acetate (3 parts) at a pH of 7.5. Light emission was 
measured quantitatively with an instrument designed by Dr. 
Kk. F. MaeNichol, of The Johns Hopkins University. Fluo- 
rescence excitation and emission spectra and quantitative 
fluorescence measurements were with the Bowman- 
Aminco spectrophotofluorometer. The color and intensity of 
fluorescent spots on paper chromatograms were observed with 
the aid of a Keese ultraviolet lamp. Absorption spectra and 
optical density measurements were made with a Beckman model 
DK-2 recording spectrophotometer. Orthophosphate was as- 
sayed by the method of Sumner (10), and the concentration of 
protein was determined by the method of Lowry et al. (11). 

The evidence that LH.-AMP is the immediate product of the 
luciferin-activating step has been presented earlier (1). It can 
be prepared chemically by the method used by Khorana for 
the synthesis of organic polyphosphates (12). 

The procedure used in preparing LH.-AMP is as foilows. 
50 ug. of solid crystalline luciferin are mixed with 100 ug. (ap- 
proximate weights) of crystalline solid sodium adenylate in a 
small test tube. To this mixture is added 0.1 ml. of pyridine 
containing 10 mg. of dicyclohexylearbodiimide. The mixture 
is incubated at room temperature for about 1 hour with oe- 
easional shaking, after which 0.5 ml. of .05 m bicarbonate buffer 
at pH 7.8 is added. The result isa white cloudy mixture which 
is then clarified by three succesive extractions with a total of 
1.5 ml. of ether. The solution is adjusted to a pH between 2 
and 3 with 1 N HCl and extracted three times with a total 
volume of 1.5 ml. of redistilled ethyl acetate. This procedure 
removes luciferin and lucifery] anhydride. The extraction of 
luciferin may be perceived by observing the blue fluorescence of 
the ethyl acetate layer. The fluorescence of the LH.-AMP 
remaining in the water phase is yellow. Traces of ethyl acetate 
are removed by passing a stream of nitrogen into the mixture. 
The pH of the solution is adjusted to 5 with NaOH. Attempts 
to separate LH.-AMP from unreacted adenylic acid have been 
unsuccessful. 


made 


LH-AMP can be assayed by total light production and by 
absorption at 340 my. However, since preparations were so 
dilute as to make determination by absorption unreliable, the 
light production method was used. The assay mixture consisted 
of 0.1 ml. of LH:--AMP, 0.01 ml. of luciferase, 0.1 ml. of 0.1 M 
pyrophosphate,? and Tris-maleate buffer at pH 7.1 to give a 

? Pyrophosphate was added to the assay mixture to remove an 
inhibitor (L-AMP) from the enzyme, thus giving a more complete 
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final volume of 2.5 ml. 1 umole of LH.-AMP per ml. in the 
assay tube will produce a total of 3.1 x 10° light wnits. The 
latter figure was determined from known concentrations of 
luciferin. 

L-AMP was prepared in the same manner as LH.-AMP, 
and was assayed by measuring optical density at 353 my where 
the extinction coefficient is 1.5 « 10‘. In some cases the con- 
centration was determined by measuring fluorescence after 
hydrolysis to oxyluciferin and adenylic acid. At 350-my ex- 
citation and 540-my emission an oxyluciferin concentration of 
1.0 ymole per ml. will give 4.8 x 10‘ fluorescence units. For 
all the work reported here the fluorescence unit was arbitrarily 
defined at a definite slit arrangement and sensitivity setting. 


RESULTS 


Properties of LH.-AMP—LH:-AMP hydrolyzes very rapidly 
at alkaline pH. The effect of pH on the rate of hydrolysis was 
observed by incubating LH.-AMP in 0.1 m Tris-maleate buffer 
at various pH values between 6.5 to 8.0. The change in con- 
centration with time was determined by measuring the residual 
LH.-AMP by the light emission procedure. Fig. 1 illustrates 
the effect of pH on the time for a 50 per cent hydrolysis. 

The fluorescence excitation and emission spectra of LH.-AMP 
at pH 7.1 are the same as for luciferin (8), which has an excita- 
tion maximum at 327 my and an emission maximum at 530 
mu. The fluorescence intensity is, however, only 0.37 of that 
of luciferin on an equimolar basis. Because of the alkaline 
instability of LH.-AMP, fluorescence could not be accurately 
determined above pH 8. Observation in the range from pH 2 
to pH 7 shows no changes in the excitation or emission maxima. 
However, there are complex effects of pH on the intensity of 
fluorescence, as is shown in Fig. 2. The shape of the curve 
indicates that there are several changes in the structure of the 
molecule as the pH is decreased from 6 to 2. 

A very interesting property of LH.-AMP is that it is phos- 
phorescent at —70°. Phosphorescence measured by 
placing a solution of LH.-AMP at pH 7.1 in an acetone-dry ice 
bath for approximately 2 minutes. The frozen solution was 
then removed from the bath, irradiated for approximately 5 
seconds with ultraviolet light, and immediately placed in the 
light-measuring apparatus. Delayed light production was 
measured with time, and the results showed that the decay of 
light emission follows first order kinetics. Luciferin does not 
exhibit phosphorescence properties. The significance of this 
will be discussed later. 

Production of Light from LH.:-AMP—The requirements for 
light production in addition to LH:AMP are luciferase and 
oxygen (Table I). Luciferin has no effect on light emission and 
ATP gives a slight inhibition which becomes more pronounced 
in the presence of Mg**. The product of the light reaction 
starting with LH.-AMP is L-AMP. Hydrolysis of the product 
gives a fluorescent compound, having an Ry of 0.4, which has 
already been identified as oxyluciferin (13). 

Previous studies have indicated that one of the products of the 
luminescent reaction is a very potent inhibitor of luciferase. 
The effect of the inhibitory product is even more pronounced 
when LH.-AMP is used as the reactant. This is shown in Fig. 
3, where light production from LH:-AMP is compared to that 
initiated with ATP and luciferin. The continuous production 
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utilization of LH2-AMP. The mechanism of the pyrophosphate 
effect will be discussed in more detail in a later section. 
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Fig. 1. Effect of pH on the rate of hydrolysis of LH2-AMP. 
The rate of hydrolysis was determined by incubating solutions of 
LH:2-AMP in 0.1 m Tris-maleate buffer at the given pH values. 
Relative LH2-AMP concentration was measured at time intervals 
by the light intensity obtained upon addition of 70 ug. of luciferase 
to 2.5-ml. aliquots of the incubation mixture. 
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Fig. 2. Effect of pH on fluorescence of LH2-AMP and luciferin. 
Measurements were determined on aqueous solutions of LH.-AMP 
(9 X 10-7 m) and luciferin (7 KX 10-7 m). The pH was adjusted 
with 1 nN HCl and 1 Nn NaOH. Excitation at 327 my; emission, 
at 530 mu. 


of light from ATP and luciferin suggests that either ATP or 
luciferin, or both, are capable of removing the inhibitor from 
the enzyme surface. This is not the case with LH:-AMP. The 
fact that secondary addition of luciferase to the reaction mixture 
gives a burst of light indicates that excess LH--AMP is present. 
The results also show that the luciferase which was present 
initially is inhibited in respect to light production. Proof that 
the inhibitory product is L-AMP has been obtained, and a 
discussion of its properties will be presented below. 

Fig. 3 shows that the rate of light production is much faster 
with LH.-AMP than with ATP and luciferin. This fact in- 
dicates that the light-producing reaction is not rate-limiting 
when luciferin and ATP are used as reactants. Light intensity 
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TABLE I 
Light from LH2-AMP 
The reaction mixture (as indicated in the table) was LH2-AMP, 
1.6 mumoles; luciferase, 75 ug; MgSO,, 10 umoles; ATP, 2 umoles; 
and luciferin, 7.4 mumoles; brought to a final volume of 2.5 ml. 
with 0.1 m Tris-maleate buffer, pH 7.1. Light production was 
initiated with LH2-AMP. 
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Components | Light intensity 
EE II. 6cocs k vise enciecies sens ceasevesies | 0 
LH2-AMP + luciferase......................... 42 
LH2-AMP + luciferase + Mg................. 44 
I.H2-AMP + luciferase + ATP................. 33 
L.H2-AMP + luciferase + Mg + ATP.......... 17 
LL.H2-AMP + luciferase + Mg + luciferin....... 46 
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Fig. 3. Light from LH:-AMP compared with light from lucif- 
erinand ATP. The reaction mixtures were: Luciferin and ATP— 
luciferase, 75 ug.; luciferin, 1.6 mumoles; MgSO,, 10 umoles; and 
ATP, 4.0 umoles, brought to a final volume of 2.5 ml. with 0.1 m 
Tris-maleate buffer at pH 7.1. LH2-AMP—luciferase, 75 ug.; and 
LH2-AMP, 1.6 mumoles, brought to a final volume of 2.5 ml. with 
0.1 m Tris-maleate at pH 7.1. At the points indicated, 75 ug. 
of luciferase were added. 


with various concentrations of LH:-AMP is shown in Fig. 4. 
Assuming Michaelis-Menten type kinetics, as indicated in the 
following equation, K,, was calculated to be 2.3 « 10-7 M. 


™m™ 


LH.-AMP + E ==— E-LH:-AMP 





(1) 
E-L-AMP + light 
In order to calculate k; it is necessary to know the factor for 
conversion of light intensity to moles utilized per second. For 
luciferin 1 light unit of intensity corresponds to the utilization 
of 6.45 xX 107° moles/l./sec. By use of this factor and the 
equation kj = Vinax/(E), the value 1.9 X 10~ sec.-! was deter- 
mined for k3. Luciferase concentration was calculated with the 
use of a molecular weight of 10°, which was estimated from 
sedimentation studies (7). The K,, and k; for light production 
from ATP and luciferin were determined in a similar manner by 
keeping ATP at saturating concentration and varying luciferin 
concentration. This gives a value of 2.4 x 10-* m for K,, and 
2.1 X 10>? sec.— for ks. 
The effect of pH on light emission from LH:-AMP was de- 
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Fig. 4. Kineties of light production from LH2:-AMP. The re- 
action mixture consisted of luciferase, 0.16 mg.; and LH2-AMP as 
indicated, brought to a final volume of 2.5 ml. with 0.1 m Tris- 
maleate buffer at pH 7.1. Light emission was initiated with 
LH:2-AMP. 


TABLE II 
Activity of luciferyl nucleotides 
The reaction mixture contained luciferase, 0.1 mg.; luciferyl- 
nucleotide, 0.02 ml.; and 0.025 m glycylglycine buffer at pH 7.6, 
to a final volume of 2.5 ml. 














Nucleotide Total light 
6) | rae 545 
3’-AMP.. : 180 
GMP... 10 
CMP Paras 9 


Ee 1 


termined in 0.1 m Tris-maleate buffer in the pH range from 5.6 
to 8.5. Optimal enzyme activity occurs at approximately pH 
8.0, which value is almost the same as when starting with 
luciferin and ATP. The curve slopes off rapidly on both sides 
of this point, giving no activity below pH 6.5. 

Production of Light from Other Nucleotide Derivatives of Lucif- 
erin—It was previously shown that ATP is the only nucleoside 
triphosphate that will function in the production of light (1). 
To determine whether the nucleotide specificity is only in the 
luciferin-activating reaction, various nucleotide derivatives of 
luciferin were prepared and tested for light-producing activity. 
The 3’- and 5’- ddenylic acid derivatives of luciferin are the only 
ones which give light production (Table II). These results 
point out the importance of the nucleotide structure for the 
light-producing step. 

Properties of L-AMP—The fluorescence intensity of oxy- 
luciferin is identical with that of luciferin. Coupling AMP to 
oxyluciferin, however, greatly reduces the intensity of fluores- 
cence but has no effect on the excitation maximum (353 my) or 
the emission maximum (540 my). Since the fluorescence of 
L-AMP is small compared to that of oxyluciferin, it is difficult 
to determine the relative fluorescence accurately. However, a 
series of measurements made on various preparations of L-AMP 
indicate that the 540-my emission intensity of L-AMP is not 
more than 2 per cent of that of oxyluciferin at pH 7.1. The 
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maximal (353 my) extinction coefficient of L-AMP was found 
to be 1.54 X 10‘ compared to 1.75 x 10‘ for oxyluciferin. 

The effect of pH on fluorescence of both oxyluciferin and 
L-AMP below pH 7.0 is shown in Fig. 5. There is very little 
effect of pH change on the fluorescence of L-AMP, whereas 
oxyluciferin fluorescence is greatly affected between pH 3 and 
4, which corresponds to the titration of the carboxyl group. 
Apparently, the ionized carboxyl group of oxyluciferin is neces- 
sary for fluorescence. The low fluorescence of L-AMP at pH 
7 would appear to be due to the fact that the carboxy] group is 
the anhydride form. Fluorescence of L-AMP could not be 
studied above pH 8.0 because of its alkaline instability. 

Enzymatic Hydrolysis of L-AMP—An enzyme has been found 

in the firefly which will catalyze the hydrolysis of both L-AMP 
and LH.-AMP. The hydrolysis of L-AMP is very easily ob- 
served because of the large increase in fluorescence. Fig. 6 
shows the rates of increase in fluorescence when varying amounts 
of enzyme were added to a constant concentration of L-AMP at 
pH 7.1. Paper chromatography of the reaction products yielded 
the Rr-0.40 spot characteristic of oxyluciferin, indicating that 
the reaction is hydrolytic. For this reason the enzyme catalyz- 
ing the reaction is termed a hydrolase. Hydrolase activity is 
completely destroyed when the extract is placed in a boiling 
water bath for 3 minutes; hydrolase can be separated from 
luciferase by ammonium sulfate fractionation. 
. Inhibitory Properties of L-AMP—That L-AMP is the in- 
hibitor of luciferase is clearly shown when chemically syn- 
thesized L-AMP is added to a light-producing reaction (Table 
Ill). L-AMP gives almost complete inhibition when light 
production is initiated with either luciferin and ATP or LH-- 
AMP. Neither hydrolyzed L-AMP nor an equal concentration 
of oxyluciferin has any effect on the LH.-AMP reaction. The 
slight inhibition of the luciferin-activating reaction by oxy- 
luciferin is presumably attributable to rapid formation of L- 
AMP. 

Chemically synthesized L-IMP was tested for its ability to 
inhibit light production from LH-AMP. It was found that 
L-IMP inhibits luciferase to nearly the same degree as L-AMP. 

Hydrolase is incapable of rapidly reversing the inhibition of 
luciferase by L-AMP, indicating that hydrolase will not catalyze 
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Fig. 5. Effect of pH on fluorescence of oxyluciferin and L-AMP. 
Both L-AMP and oxyluciferin were 2.3 X 10-® M in aqueous solu- 
tion. The pH was adjusted with 1.0 n HCl and 1.0 n NaOH. 
Excitation at 350 mu; emission, at 540 mz. 


W. C. Rhodes and W. D. McElroy 


1531 





FLUORESCENCE 








L 
0) 4 8 12 16 20 


MINUTES 


Fig. 6. Enzymatic hydrolysis of L-AMP. The reaction mix- 
ture contained 1.5 X 10-* m L-AMP in 0.1 m Tris-maleate buffer, 
pH 7.1, to a final volume of 2.5 ml. 0.2 ml., 0.08 ml., 0.04 ml., and 
0.02 ml. of hydrolase were added to obtain Curves A, B, C, and D, 
respectively. Excitation at 350 my; emission, at 540 mz. 








Tase III 
Inhibition of light production by L-AMP 

The luciferase assay was as follows: ATP + luciferin: lucifer- 
ase, 1.0 wg. (containing additions below); MgSO,, 10 yumoles; 
luciferin, 0.12 wmole; 0.25 m glyecylglycine, pH 7.6, to a final 
volume of 2.5 ml. Light reaction was initiated with ATP. LHo- 
AMP: luciferase, 1.0 ug. (containing additions below); LHs-AMP, 
0.1 ml.; 0.25 m glyeylglycine, pH 7.6, to a final volume of 2.5 ml.). 
Light reaction was initiated with LH.-AMP. 


Light intensity 





Additions —_—_-—-—_ — — 
ATP + LH: LH:-AMP 
None 0.538 1.50 
L-AMP (0.7 mumole) O01 0 
Oxyluciferin (0.7 mumole) .33 1.46 
Hydrolyzed L-AMP (0.7 mumole) 1.56 





the breakdown of L-AMP while it is bound to luciferase. How- 
ever, when hydrolase is present in a solution of luciferase-L-AMP 
there is a very slow but definite recovery of enzyme activity. 
This can be explained in terms of the equilibrium E-L-AMP = 
E + L-AMP. The effects of the addition of various amounts 
of hydrolase to a solution of luciferase-L-AMP at pH 7.1 are 
shown in Fig. 7. Free luciferase was measured at various times 
by the light intensity obtained upon addition of aliquots to a 
solution of LH-AMP. The light intensity produced by an 
equivalent amount of enzyme in the absence of L-AMP was 12 
light units. In the absence of hydrolase there is very little 
increase in free enzyme concentration. At low concentrations 
of hydrolase the hydrolysis of L-AMP is rate-limiting. How- 
ever, by increasing hydrolase concentration, a point is reached 
at which the rate-limiting step is the dissociation of Z-L-AMP. 
The rate constant for dissociation of E-L-AMP can be calculated 
from the slope of the curve obtained at saturation of hydrolase 
concentrations. The value of k was found to be 1.3 x 10° 
sec.—!. 

Dissociation Constant of Luciferase-L-AMP Complex—The 























4F oo NO HYDROLASE 
e 0.02 MI HYDROLASE . 
A 0.10 " " “ 4 
Do 3r 40.20 
za a 
TT) “ 
5 2b Pt y 
- ad i 
x 
oO IF ae 
~~ a 
“ aZe 
0 on on —. 
| rT | | I 
(@) S 10 15 20 25 
MINUTES 


Fig. 7. Effect of hydrolase concentration on the rate of disso- 
ciation of the luciferase-L-AMP complex. The reaction mixture 
included: luciferase, 0.01 zmole; L-AMP, 0.02 umole; and hydrolase 
as indicated, brought to a final volume of 1.0 ml. with 0.1 m Tris- 
maleate buffer, pH 7.1. Relative luciferase concentration was 
measured by adding 0.1 ml. of the reaction mixture to a 2.4-ml. 
solution of LH:-AMP in 0.1 m Tris-maleate buffer, pH 7.1. 


TABLE IV 
Dissociation of luciferase-L-AMP complez 
The reaction mixture contained luciferase, 74 ug.; L-AMP as 
indicated; 0.1 m Tris-maleate buffer, pH 7.1, to a final volume of 
2.4ml. Light reaction was initiated with 0.1 ml. of LH.-AMP. 


Light intensity su Qe 


(L-AMP)totai (E) total x 
u X 10 
0 48.0 1 
1.4 29.4 0.613 
7.0 0.072 1.5 X 10-3 5.1 X 10-° 
14.0 0.024 5 X 10-4 5.2 X 10-10 
26.0 4.5 X 10719 


0.0096 
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Fia. 8. Dissociation of luciferase-L-AMP. f is the ratio of free 
enzyme to total enzyme. The slope is the equivalent concentra- 
tion of total enzyme, whereas the intercept is K. See the text for 
details. 
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dissociation constant of the E-L-AMP complex defined as 


a (B)-tree(L- AMP) free 
” (E-L-AMP) 








(2) 


can be determined from an incubation mixture of luciferase and 
L-AMP if the added molar concentrations of each are known 
and if the equilibrium concentration of one of the components 
can be measured. Here, the only component which affords 
convenient assay is free enzyme (/)r which is proportional to 
the light intensity obtained upon addition of LH.-AMP. Thus, 
the ratio of the light intensity in the presence of L-AMP to the 
light intensity in the absence of L-AMP is equal to the ratio of 
free enzyme, (F),r, to total ezyme, (/)r. By the use of this 
ratio of light intensities, which we will designate as f, it is possible 
to obtain an equation with which K can be calculated. The 
derivation is as follows: 
(E)p 


f= (3) 
(E)r 


(E-L-AMP) = 
(L-AMP)p = 


(E)y — (E)p = (E)r — S(E)r = (E) rl — f) (4) 


(L-AMP)7 — (E-L-AMP) , 
= (L-AMP)z — (E)r(l — f) " 
By substitution of these quantities into the equilibrium expression 
for K and by rearrangement, the following equation for K in 
terms of f is readily obtained. 
; f ; 
kK = — (L-AMP)7 — f(E)r (6) 
1-—f 
If the values of f/1 — f (L-AMP)r are plotted against f, a 
straight line should be obtained for which the intercept is K 
and the slope is (£)r. 

In order to measure f, various known concentrations of L-AMP 
were incubated with a known concentration of luciferase at pH 
7.1. Light intensity from each mixture was measured upon 
addition of LH.-AMP. Total concentration was 
determined from protein concentration and an estimated molec- 
ular weight of 10° (7). For the experiment reported in Table 
IV luciferase concentration was calculated to be 3.0 « 10-7 M. 
The values of K in the last column were calculated by sub- 
stituting the corresponding value of f into the equation for K. 
However, fruitful information can be derived from plotting 
f/1 — f (L-AMP)- against f, as is shown in Fig. 8. Such a plot 
produces a curve that has a constant slope of 3.6 x 1077 M, 
which is reasonably concordant with the calculated (/)7 value 
of 3.0 X 107m. The fact that one obtains a straight line from 
such a plot indicates that luciferase has one active site for light 
production and that 1 molecule of L-AMP combines with this 
site. Also, the value of K obtained by extrapolation to f equals 
zero (infinite L-AMP concentration) is in good agreement with 
the AK values listed in Table IV. 

Equilibrium Constant for Oxyluciferin-activating Reaction—The 
sensitivity of the fluorescence measurements of oxyluciferin 
makes it possible to measure the equilibrium constant for the 
following reaction: ATP + L + FE @ E-L-AMP + P-P. For 
the forward reaction known concentrations of oxyluciferin, 
luciferase, Mg++, and ATP were incubated at pH 7.1. Reaction 
was initiated with ATP, after which the fluorescence intensity 
was measured with time. Equilibrium was obtained in less than 
1 minute. The same procedure was followed for the reverse re- 
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action when known concentrations of L-AMP, luciferase, and 
Mg++ were preincubated and the reaction initiated with pyro- 
phosphate. The data in Table V show the equilibrium concen- 
trations for various reaction mixtures. In all cases correction 
had to be made for traces of oxyluciferin present in the enzyme 
at the beginning of the experiment. 

K can be expressed in terms of equilibrium concentrations as 
follows. 





_ _ (E-L-AMP)(P-P) . 
~ “(ATP)L)(E) ” 
The equilibrium concentrations of the various components were 
obtained from the initial concentrations and the net change in 
oxyluciferin concentration. The values of K for the various 
reaction mixtures are listed in Table V. From the average K 
the standard free energy change for the reaction at pH 7.1 was 
calculated to be —7.2 kilocalories. 

Assuming the active species to be Mg-ATP-*, one would 
expect an effect of Mg** concentration on the observed equi- 
librium constant. However, according to Smith and Alberty 
(14) the dissociation constant for Mg-ATP~ is about 3 x 10-4 
uw. Thus, Mgt+ concentration would have an effect only below 
the order of 10-7 m. The effect of the binding of Mg-ATP~ to 
luciferase must be considered. According to Table I, when 
Mg-ATP~ is 8 < 10-4 M, luciferase is inhibited about 60 per 
cent for light production, indicating that the dissociation con- 
stant for the E-Mg-ATP complex is near 10-4 m. Thus, there 
would be very little enzyme-bound ATP at the low concentra- 
tions used in the equilibrium determination. 

A question also arises concerning the amount of the enzyme- 
oxyluciferin complex at equilibrium. If this were appreciable, 
the equilibrium calculations would be in error, since the fluores- 
cence technique does not distinguish between free oxyluciferin 
and enzyme-bound oxyluciferin. However, a concentration of 
oxyluciferin 100 times that of luciferase gives only 3 per cent in- 
hibition with respect to light production. For this reason, 
therefore, it seems reasonable to conclude that the concentration 
of the luciferase-oxyluciferin complex at equilibrium is negligible. 

The free energy of hydrolysis of L-AMP at pH 7.1 can be 
calculated by use of the following data: (a) the free energy of 
formation of the H-L-AMP complex, (6) the free energy of dis- 
sociation of the E-L-AMP complex, and (c) the free energy of 
hydrolysis of ATP. The K for dissociation of E-L-AMP was 
shown earlier (Table IV) to be 5 X 10-!, which corresponds to 
a standard free energy change of +12.6 kilocalories. The free 
energy of hydrolysis of the second phosphate bond in ATP is 
assumed to be the same as for the terminal bond (15). The 
reverse of the equation for hydrolysis can be obtained by adding 
the following equations: 


AF’ 
kilocalories 
ATP + L+ E= E-L-AMP + P-P —7.2 (8) 
E — L-AMP ‘E+ L-AMP +12.6 (9) 
net ATP + L *L-AMP + P-P +5.4 (10) 
P-P + AMP * ATP + HO +7.7 (11) 
net L + AMP * L-AMP + HO +13.1 (12) 


Reaction of CoA and Cysteine with L-AMP—The fact that 
secondary addition of CoA to a reaction mixture will stimulate 
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TABLE V 
Equilibrium of oryluciferin activation* 
ATP | oL E |\EL-AMP| PP | K 
re te ates S ae —= = Z 
| | | | | 
Initial...| 4.0 | 28 | 20 | 0 | | 
Final....| 2.9 | 1.7 | 0.9 | 1.1 1.1 | 2.5 x 108 
Initial... 2.0 29 | 2.0 | 0 0 
Final.... 1.2 as } (fe 0.80 0.80 | 2.1 X 105 
Initialf..; 0 | 0.6 | 1.0 3.0 2.5 
Final....| 1.5 | 2.0 2.5 1.5 1.0 2.3 X 105 
Initialf..| 0 0.4 1.3 2.7 2.5 
Final 1.3 Fe 2.6 1.4 1.2 2.8 X 105 


* All concentrations = M X 10%. Each reaction mixture con- 
tained 5 X 107° m MgSO, and 0.1 m Tris-maleate buffer, pH 7.1, 
to a final volume of 2.0 ml. L = oxyluciferin and FE = enzyme. 

+ Different preparations of L-AMP were used. 


light emission has been known for several years. Recently, the 
mechanism of this effect has been revealed in considerable detail 
(13). CoA stimulates light production by reacting with E-L- 
AMP which produces AMP, L-CoA, and free enzyme. L-CoA 
can also be produced from oxyluciferin if ATP, luciferase, and 
magnesium ions are present in the reaction mixture. Spectro- 
photofluorometry provides a good means of measuring the pro- 
duction of L-CoA, since its fluorescence intensity is only approxi- 
mately 2 per cent of that of oxyluciferin. The reaction producing 
L-CoA has been shown to be enzymatically reversible by (a) 
obtaining net synthesis of ATP from L-CoA, AMP, and pyro- 
phosphate; (6) measuring a CoA-dependent incorporation of 
C4-AMP into ATP; and (c) measuring the formation of oxylucif- 
erin by fluorescence increase in a mixture of L-CoA, AMP, and 
pyrophosphate (13). 

Since the fluorescence intensity of L-AMP is approximately 
the same as that of L-CoA, fluorescence changes cannot be used 
to measure the formation of L-CoA directly from L-AMP. How- 
ever, paper chromatography provides a good means of measuring 
the reaction qualitatively. Chromatographic results after incu- 
bation of L-AMP with CoA at pH 7.6, both in the presence and 
in the absence of luciferase, show that the formation of L-CoA 
is luciferase-dependent. These results are useful in explaining 
the effectiveness of CoA in stimulating light production. 

The rate of the reaction of CoA with E-L-AMP has been ob- 
tained by measuring the production of free luciferase upon addi- 
tion of CoA to a solution of E-L-AMP. Fig. 9 illustrates the 
results of such an experiment. Aliquots were removed at 
various time intervals and assayed for luciferase by light produc- 
tion from LH.-AMP. An equal amount of luciferase without 
L-AMP gave a light intensity of 5.4 light units. The first portion 
of the curve shows the rate of dissociation of the luciferase-L- 
AMP complex. The effect of CoA addition at 29 minutes is 
very marked, giving complete liberation of luciferase in ap- 
proximately 10 minutes. 

Cysteine is capable of reacting nonenzymatically with L-CoA 
to produce oxyluciferyl-cysteine (13). Cysteine does not stimu- 
late light emission, however, and all previous work has indicated 
that it will not react with L-AMP when it is bound to the enzyme. 
When a solution of E-L-AMP was incubated with 10-* m cysteine 
at pH 7.1, no oxyluciferyl-cysteine was produced, in contrast to 
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Fig. 9. Reaction of CoA with the luciferase-L-AMP complex. 
The reaction mixture included: luciferase plus hydrolase, 0.04 ml.; 
L-AMP, 0.05 ml.; and 0.1 m Tris-maleate buffer, pH 7.1, to a final 
volume of 2.5 ml. At the indicated time 0.1 mg. of CoA was 
added. Relative luciferase concentration was measured by the 
light intensity obtained upon addition of 0.2 ml. of reaction mix- 
ture to LH:-AMP in 0.1 m Tris-maleate, pH 7.1, to a final volume 
of 2.5 ml. 
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SECONDS 
Fic. 10. Effect of P-P on light emission from LH2-AMP. The 
reaction mixture contained 0.2 mg. of luciferase; 0.1 ml. of LH:- 
AMP; and 0.04 m Tris-maleate buffer at pH 7.0 ,to a final volume 
of 2.5 ml. Where indicated 4 X 10-? m MgSO, and 4 X 107? m 
sodium-P-P were present. PP is pyrophosphate. 
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Fig. 11. Reactions involving P-P. PP is pyrophosphate 


the control in which L-AMP at the same concentration was in- 
cubated with cysteine. 


Reaction of P-P with L-AMP—P-P is a product of the activa- 
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tion of both luciferin and oxyluciferin by ATP. However, the 
addition of P-P to a light-emitting reaction after it has be- 
come inhibited results in a secondary flash (16). From the re- 
sults presented below, the mechanism of this P-P effect on light 
production can be explained satisfactorily. 

In the absence of P-P, LH:-AMP gives an initial rapid pro- 
duction of light followed by rapid decay. Fig. 10 shows total 
light production with time upon addition of LH.-AMP to lueif- 
erase at pH 7.1. However, in the presence of P-P, total light 
production was several-fold greater even though the initial rate 
was slower. When light production had ceased, addition of 
luciferase had no effect, indicating that all of the LH.-AMP had 
been utilized. It should be noted that if both Mg++ and P-P are 
added, there is no appreciable light production; Mg** alone has 
no effect. These results can be interpreted in terms of the re- 
action of P-P with LH:-AMP and L-AMP to produce luciferin 
and oxyluciferin, respectively; 7.e. the reversal of the activation 
reactions (see Fig. 11). Competition for LH:AMP by P-P 
and the light-producing reaction results in a decrease in the 
initial rate. However, reaction of P-P with L-AMP removes 
the inhibitor from the enzyme surface, and the result is an in- 
crease in total light production. Mg** increases the rate of the 
reaction between P-P and LH.-AMP, thereby giving much 
greater competition with the light reaction. The effectiveness 
of P-P without added Mg++ may be due either to the presence 
of traces of Mg** in the reagents or to a lack of an absolute Mg** 
requirement. The same is true for the reaction in the forward 
direction, since small amounts of light are obtained from ATP 
and luciferin without the addition of Mg++. The effect of Mg*+ 
on the rate of reaction between P-P and E-L-AMP can best be 
measured by the fluorescence increase upon formation of oxy- 
luciferin. L-AMP and luciferase were preincubated at pH 7.1 
with and without Mg++. Upon addition of P-P, in the absence 
of Mg**, an amount of oxyluciferin equal to the amount of 
L-AMP added was produced in less than 2 minutes. In the 
presence of Mg**, the rate was too rapid to allow accurate rate 
measurements. 

The reversal of the activation of both luciferin and oxyluciferin 
has been shown by net synthesis of ATP. LH-AMP (or 
L-AMP) at pH 7.6, luciferase, P-P, and Mg*+ were incubated 
for 10 minutes. The mixture was then heated at 100° for 2 
minutes, cooled, and yeast pyrophosphatase added. After 10 
minutes the mixture was heated again at 100° for 2 minutes to 
destroy the pyrophosphatase, cooled, and assayed for ATP by 
light production upon addition of luciferin and luciferase. With 
both LH.-AMP and L-AMP, light production was about 7-fold 
greater than with the control in which P-P and Mg*+ were 
omitted. : 

The reaction of P-P with 2-L-AMP has also been shown by 
the liberation of luciferase which was assayed by light production 
upon addition to LH.-AMP. 
results are given in Fig. 12. 

Reaction between ATP and Luciferase-L-AMP Complex—A 
light-producing reaction mixture containing luciferin, ATP, 
luciferase, and Mg** continues to produce P-P long after the 
enzyme is inhibited for light production, provided pyrophos- 
phatase is present. The same property of the system is observed 
if luciferin is replaced by oxyluciferin (1). The only reasonable 
conclusion, therefore, is that the /-L-AMP complex is capable 
of causing the hydrolysis of ATP to adenylic acid and P-P. 

There are several possible mechanisms for the interaction be- 
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tween ATP and the Z-L-AMP complex. Luciferase-L-AMP 
could act as a unit to catalyze the hydrolysis of ATP. If this 
were true, the AMP moiety of L-AMP would not be replaced by 
ATP. Another possibility is that ATP in some way causes the 
hydrolysis of luciferase-bound L-AMP, after which oxyluciferin 
reacts with ATP to release P-P. Experimental evidence sug- 
gests that the latter mechanism is more nearly correct. 

We have observed that in a mixture of luciferase and L-AMP 
in which the latter is at a concentration greater than that of the 
enzyme there is a fluorescence increase upon addition of ATP. 
The fluorescence increase corresponds almost exactly to hy- 
drolysis of the amount of L-AMP which is in excess of luciferase. 
The results of such an experiment are given in Fig. 13. A 
similar experiment was carried out in which L-AMP concentra- 
tion was less than enzyme concentration. The results indicate 
very little effect of ATP on fluorescence. 

These results can be interpreted most easily in terms of the 
second mechanism described above and the high affinity of 
L-AMP for luciferase. ATP in some way causes the hydrolysis 
of luciferase-bound L-AMP. This leaves free oxyluciferin on 
the enzyme surface. If there is no free L-AMP in solution the 
oxyluciferin molecule reacts immediately with ATP to produce 
another molecule of L-AMP and P-P. However, this would not 
always be the case when free L-AMP is present. Because of the 
extremely high affinity of L-AMP for luciferase, L-AMP should 
readily replace oxyluciferin on the enzyme surface and subse- 
quently be hydrolyzed by ATP action. 

Another observation supporting this type of mechanism is the 
difference in the kinetics of light production when starting with 
ATP and luciferin, as compared to starting with LH.-AMP. 
In the former case there is continuous light production for a long 
period of time, indicating that ATP is in some way decreasing 
the inhibitory effect of L-AMP and making the enzyme available 
to luciferin. 


DISCUSSION 


Luciferin must react with ATP before it can be oxidized with 
light production, and LH.-AMP has been shown to be the active 
intermediate. When synthetic LH.-AMP is used the ATP re- 
quirement is eliminated. It does not seem likely that the fune- 
tion of ATP is to contribute energy for light emission. This be- 
comes more obvious when one considers that the light produced 
has a wave length of 550 my, corresponding to about 55 kilo- 
calories per einstein. If ATP were to contribute a significant 
amount of this energy, the equilibrium constant of the reaction 
between luciferin and ATP would have to be extremely small. 
Unfortunately, we have not been able to measure the equilibrium 
of this reaction. However, the light intensity when luciferase is 
saturated with luciferin and ATP, in comparison to light intensity 
when luciferase is saturated with LH.-AMP, indicates that the 
equilibrium constant is relatively large. If this is true, ATP 
does not act in the capacity of an energy donor for light emission 

The P-P produced by the reaction of ATP and luciferin can, 
in turn, react with the L-AMP produced by the oxidation of 
LH.-AMP. This results in the resynthesis of ATP, which can 
again be utilized for light production. It appears, then, that 
the role of ATP is catalytic. 

Phosphorescence studies may give some insight into the func- 
tion of ATP. At a temperature of —70°, LH.-AMP is phospho- 
rescent, whereas luciferin is not. This phosphorescence signifies 
that, in constrast to luciferin, LH:-AMP is capable of forming 
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Fig. 12. Reaction of P-P with the luciferase-L-AMP complex. 
The reaction mixture contained: luciferase plus hydrolase, 0.04 
ml.; L-AMP, 0.05 ml.; and 0.1 m Tris-maleate buffer at pH 7.1 to 
a final volume of 2.5 ml. At the indicated time 10~‘ m sodium-P-P 
was added. Relative luciferase concentration was measured by 
the light intensity obtained upon addition of 0.2 ml. of reaction 
mixture to a solution of LH2-AMP in 0.1 m Tris-maleate buffer at 
pH 7.1, to a final volume of 2.5 ml. 
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Fig. 13. Reaction of ATP with the luciferase-L-AMP complex. 
Both reaction mixtures contained 5 X 10-* m MgSO,; 1.0 X 10-§ m 
luciferase; and 0.1 m Tris-maleate buffer at pH 7.1. The L-AMP 
concentrations were 3.5 X 10-°m and 0.8 X 10-* m for the upper 
and lower curves, respectively. 2 X 10-*m ATP was added where 
indicated. Excitation at 350 mu; emission, at 540 mu. 


an excited triplet state. Therefore, the AMP moiety changes 
the electronic configuration of either the ground state or the 
excited state, or both. However, if the electronic configuration 
of the ground state were altered, one would expect the wave 
length of fluorescence emission for luciferin to be different from 
that of LH.-AMP. The results show that they are exactly the 
same. Thus, we conclude that the AMP moiety functions in 
some unknown way to change the excited state of luciferin. It 
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is of interest to note here that the wave length of chemilumines- 
cence is 15 my longer than the fluorescence wave length. 

Luciferase is required for the light-producing step. Kinetic 
studies show that the maximal attainable light intensity when 
starting with LH--AMP is about 10-fold higher than that when 
starting with luciferin and ATP. This clearly indicates that the 
light-producing step is not rate-limiting. However, the mecha- 
nism of luciferase action in the light-emitting step is not clear. 
Luciferase is definitely required for the oxidation of LH:-AMP 
by molecular oxygen. But, whether or not the protein molecule 
plays a role in stabilizing the excited state and preventing energy 
loss in the form of vibrational or translational energy is a matter 
of speculation. 

Formation of the anhydride between the carboxyl group of 
luciferin and the phosphate of adenylic acid decreases the in- 
tensity of fluorescence. Even more remarkable, however, is the 
effect of pH on the fluorescence intensity of LH.-AMP in the 
acidic region. Because of the instability of LH.-AMP above 
pH 8.0, the fluorescent properties of this compound could not be 
studied in the alkaline region where luciferin has a fluorescence 
pK of 8.4. The fact that the pH-fluorescence curve for LH:- 
AMP shows three points of inflection indicates the presence of 
more than one molecular species having fluorescence properties. 
Since the structure of luciferin is not known, it is impossible to 
predict the sites at which the hydrogen ion could associate. The 
case for oxyluciferin is more obvious. L-AMP is very weakly 
fluorescent, and there is little effect of pH over the range where 
it is stable. However, oxyluciferin gives a typical titration 
curve with a fluorescence pK at pH 3.5. This indicates that the 
resonance of the carboxyl group of oxyluciferin is necessary for 
fluorescence, thus explaining the low fluorescence of L-AMP at 
pH 7. 

When LH:-AMP is oxidized with light emission, the L-AMP 
produced remains bound to luciferase in such a way as to pre- 
vent further light production. The standard free energy of dis- 
sociation of the luciferase-L-AMP complex is +12.6 kilocalories 
at pH 7.1, indicating that the complex is extremely stable. The 
energy is too great to be accounted for by a single hydrogen bond 
or by electrostatic interaction. On the other hand, oxyluciferin 
has a standard free energy of dissociation of approximately 5 
kilocalories, which could be attributed to a hydrogen bond. 
These results indicate that L-AMP forms more than one bond 
with luciferase and suggest that the AMP moiety of the molecule 
takes part in the binding. However, the possibility of a stable 
covalent bond must not be overlooked. The fact that the ino- 
sinic acid derivative of oxyluciferin is bound to the enzyme al- 
most as strongly as L-AMP, rules out the specificity of the 6 
amino group of the nucleotide. It is possible that both the amino 
and hydroxyl group are capable of hydrogen bonding to the pro- 
tein, but a conclusion concerning the effect of AMP on the en- 
zyme binding is not possible on the basis of our present knowl- 
edge. 

CoA reacts with the luciferase-L-AMP complex to produce 
L-CoA and luciferase. This reaction liberates the enzyme, thus 
allowing it to recycle with further light production. The chem- 
ical synthesis of L-AMP has made it possible to show that CoA 
is capable of reacting with L-AMP only when it is bound to 
luciferase. It is interesting that another sulfhydryl compound, 
cysteine, reacts readily with free L-AMP but is not capable of 
reacting with luciferase-bound L-AMP. The physiological sig- 
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nificance of the tight binding of L-AMP to luciferase, other than 
to control luminescence, is not clear. It is possible, however, 
that the tight binding of acyl-adenylates to the activating en- 
zymes is a function that restricts their reactivity to specific 
biochemical intermediates. 

L-AMP is not only produced by the oxidation of LH.-AMP 
but is also formed by the enzymatic activation of oxyluciferin 
by ATP. The free energy of this activation reaction at pH 7.1 
has been found to be —7.2 kilocalories. It should be noted 
that the concentration of luciferase must be included in the cal- 
culation of the equilibrium constant. The intense fluorescence 
of oxyluciferin makes it feasible to measure equilibrium concen- 
trations at these low levels, thus allowing demonstration of the 
enzymatic synthesis of an acyl-adenylate. The effect of second- 
ary addition of P-P on light emission can be explained in terms 
of the equilibrium of this reaction. Spectrophotofluorometric 
results show that P-P very effectively reverses the oxyluciferin- 
activating reaction, thereby freeing luciferase for further light 
production. 


SUMMARY 


1. The chemical synthesis of luciferyl-adenylate and oxylucif- 
eryl-adenylate has made possible a more.detailed study of the 
light-emitting reaction, as well as the activating reactions for 
luciferin and oxyluciferin. Kinetic studies show that the rate- 
limiting step in light production is the luciferase-catalyzed reac- 
tion between ATP and luciferin to form luciferyl-adenylate and 
pyrophosphate. The oxidation of luciferyl-adenylate gives light 
emission and oxyluciferyl-adenylate. 

2. The dissociation constant for the luciferase-oxyluciferyl- 
adenylate complex (K = 5 X 10-'°) indicates that _the latter 
is very stable, thus accounting for the rapid product inhibition 
of luminescence. 

3. The enzymatic synthesis of oxyluciferyl-adenylate has been 
demonstrated. 

4. The dissociation constant for luciferase-oxyluciferyl-adenyl- 
ate, together with the equilibrium constant for the activation of 
oxyluciferin, makes it possible to calculate the standard free 
energy of hydrolysis of oxyluciferyl-adenylate (—13.T calories). 
Thermodynamically, because of the tight binding of oxyluciferyl- 
adenylate to luciferase, net synthesis of enzyme-bound oxy- 
luciferyl-adenylate from ATP and oxyluciferin can occur. 

5. Stimulation of luminescence by pyrophosphate is explained 
by its reaction with luciferase-oxyluciferyl-adenylate to produce 
free luciferase, ATP, and oxyluciferin. _The luciferase then_re- 
acts with luciferyl-adenylate to give light production. 

6. The luciferase-oxyluciferyl-adenylate complex is capable of 
causing the hydrolysis of ATP to adenylic acid and pyrophos- 
phate. Evidence suggests that the mechanism involves an 
interaction between ATP and the luciferase-oxyluciferyl-adenyl- 
ate complex in which the oxyluciferyl-adenylate is hydrolyzed 
and subsequently resynthesized with net formation of adenylic 
acid and pyrophosphate. 

7. An enzyme has been found in the firefly which catalyzes 
the hydrolysis of oxyluciferyl-adenylate. However, luciferase- 
bound oxyluciferyl-adenylate will not act as a substrate. The 
use of this enzyme makes it possible to determine the rate of dis- 
sociation of the luciferase-oxyluciferyl-adenylate complex. 

8. A possible function of ATP in firefly luminescence is dis- 
cussed. 
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As previously reported (1) extracts of Azotobacter vinelandii 
contain enzymes catalyzing the transfer of phosphate from 
adenosine 5’-triphosphate or inosine 5’-triphosphate to deoxy- 
ribonucleoside 5’-monophosphates with formation of the cor- 
responding di- and triphosphates. Although similar phos- 
phorylations have been described in preparations of liver, yeast, 
Escherichia coli, and muscle preparations (2-7), little is known 
about the enzymes involved and the nature of the reactions. 
In view of the involvement of ribo- and deoxyribonucleoside 
polyphosphates in the biosynthesis of nucleic acids (8, 9), in- 
creased knowledge of the enzymatic mechanisms concerned in 
the formation of these compounds is clearly desirable. 

This paper is concerned wth the purification from extracts 
of A. vinelandii of an enzyme which catalyzes the transfer of 
phosphate from ATP to deoxy-CMP or to CMP with forma- 
tion of deoxy-CDP or CDP, and with a study of the properties 
of this system. The enzymatic preparation of deoxy-CDP and 
deoxy-CTP is also described. The enzyme will be referred to 
as ATP-CMP (deoxy-CMP) kinase or, in short, as deoxy- 
cytidylic kinase (deoxy-CMP kinase). 

EXPERIMENTAL 
Isolation of Enzyme 

Assay—In the standard optical assay the rate of transfer 
of phosphate from ATP to deoxy-CMP was followed spectro- 
photometrically in the presence of phosphopyruvate, pyruvic 
kinase, lactic dehydrogenase, and DPNH, since formation of ADP 
leads to the transfer of phosphate from phosphopyruvate to 
ADP and oxidation of DPNH by the pyruvate thus formed 
(Reactions 1 to 3). 

ATP + deoxy-CMP = 


ADP + deoxy-CDP (deoxy-CMP kinase) (1) 
Phosphoenolpyruvate + ADP = 
pyruvate + ATP (pyruvic kinase) (2) 


Pyruvate + DPNH + H+ = lactate + 
DPN?* (lactic dehydrogenase) (3) 


* Aided by grants from the National Institute of Arthritis 
and Metabolic Diseases (Grant A-1845) and the National Cancer 
Institute (Grant C-2784) of the National Institutes of Health, 
United States Public Health Service; the Rockefeller Founda- 
tion; the American Cancer Society (recommended by the Com- 
mittee on Growth, National Research Council) ; and by a contract 
(No. NR-285(31), NR-120-490) between the Office of Naval Re- 
search, Department of the Navy, and New York University 
College of Medicine. 

+t Postdoctoral Fellow of the National Cancer Institute, 
National Institutes of Health, United States Public Health Serv- 
ice. Present address, State of New York, Department of Health, 
Division of Laboratories and Research, New Scotland Avenue, 
Albany, New York. 





The composition of the samples is given in the legend to Fig. 
1. After the reaction mixture was completed by the addition 
of deoxy-CMP, the rate of DPNH oxidation was measured at 
wave length 340 my at 30-second intervals for several minutes. 
The early rate of decrease of optical density was proportional 
to the concentration of enzyme up to about 0.2 per minute 
(Fig. 1). A unit was defined as the amount of enzyme causing 
an optical density change of 1.0 per minute. The specific 
activity of the enzyme is expressed in units per mg. of protein. 
Protein was determined by a modification of the method of 
Lowry et al. (10). Since the presence of 0.03 m citrate inhibited 
color development in this procedure by about 20 per cent, the 
protein values obtained from enzyme solutions containing this 
concentration of citrate were corrected accordingly. It has 
been found convenient to use for assay fresh dilutions of the 
enzyme in | per cent crystalline bovine serum albumin. 

The above assay procedure could not be used for the initial 
extracts because of their high ATPase content. An approxi- 
mate determination of the deoxy-CMP kinase activity of the 
extracts was carried out by chromatographic isolation and 
determination of the deoxy-CDP formed as described later. 
After precipitation of the enzyme with ammonium sulfate most 
of the ATPase activity was removed and the optical assay could 
be used by running blanks in the absence of added deoxy-CMP, 
to correct for ATPase. 14 such determinations of the specific 
activity of the enzyme at Step 2 (Table I) gave an average 
specific activity of 0.68 with a standard deviation of 0.02. 
The ATPase is virtually removed at Step 5, and the need for 
blank runs thereafter is eliminated. 


Purification 


A. vinelandii was grown and harvested as previously described 
(8) and the cell paste was kept frozen until used. All steps 
were carried out between 0 and 5° unless otherwise specified. 

Step 1. Extraction—43 gm. of cells (wet weight) were sus- 
pended in 100 ml. of 0.02 m phosphate buffer, pH 7.7. 30-ml. 
aliquots at a time were subjected to sonic oscillation for 10 
minutes in a Raytheon 10 ke. sonic oscillator. The combined 
suspensions were diluted to 200 ml. with water, made 0.14 
M with NaCl and centrifuged in the Servall SS-1 centrifuge at 
20,000 x g for 1 hour. The precipitate was discarded. 

Step 2. Ammonium Sulfate Fractionation—To the extract 
(184 ml.) 45 gm. of solid, finely powdered ammonium sulfate 
were added with mechanical stirring over a period of 10 minutes. 
The mixture was stirred for an additional 15 minutes and centri- 
fuged at the maximal speed of the Servall angle centrifuge, and 


1 Citrate was used in the chromatographic purification of the 
enzyme with Amberlite IRC-50 resin. 
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the precipitate was discarded. 36 gm. of ammonium sulfate 
were added to the supernatant solution as above and the pre- 
cipitate was dissolved in 0.02 m phosphate buffer, pH 7.2. The 
clear reddish solution was dialyzed overnight against 2 |. of 0.02 
m succinate buffer, pH 6.5. The volume of the solution before 
dialysis was 38 ml. 

Step 3. Isoelectric Precipitation—To the dialyzed solution 
(54 ml.) from the above step were added 20 gm. of sodium 
chloride. 1.0 N HCl was then added dropwise to lower the pH 
of the solution to between 4.3 and 4.1. The precipitate was 
removed by centrifugation and suspended in 0.02 m phosphate 
buffer, pH 7.2, to a volume of 55 ml. The suspension was 
stirred mechanically for 30 minutes and the insoluble material 
was removed by centrifugation. 

Step 4. Heat Treatment—The supernatant solution from the 
previous step was immersed in a water bath at 55-60° and kept 
at a temperature of 50° for 2 minutes after which it was rapidly 
cooled to 0°. The precipitate was removed by centrifugation 
and discarded. 

Step 5. Adsorption and Elution from Aluminum Hydroxide 
Gel—To the supernatant solution from Step 4 were added 150 
ml. of alumina gel, and after being stirred for 15 minutes the 
mixture was centrifuged and the supernatant solution was dis- 
carded. The gel was washed with 100 ml. of water and then 
eluted with 60 ml. of 0.1 m phosphate buffer, pH 6.4, by stirring 
for 15 minutes. After centrifugation the gel was eluted once 
more with 30 ml. of the 0.1 m phosphate buffer and centrifuged, 
and the eluates were combined. 

Step 6. Removal of Inactive Protein at pH 4.0—After the eluate 
stood overnight at 0°, its activity was reduced by about 20 
per cent. In most instances, by decreasing the pH of the solu- 
tion to 4.0 with N HCl as above, a precipitate of inactive protein 
was formed. The precipitate was removed by centrifugation 
and the clear supernatant solution was adjusted to pH 5.5 with 
NaOH. 

Step 7. Chromatography —The solution from the previous step 
was passed through a 2 X 2-cm. column of Amberlite IRC-50 
(XE-64) resin (Rohm and Haas) at a flow rate of 1 ml. per min- 
ute. The resin was purified by the method of Hirs (11) and 
equilibrated with sodium citrate, pH 5.3. Approximately 
20 per cent of the enzyme and most of the protein passed through 
the column. The column was washed with four 5-ml. aliquots 
of 0.02 m citrate buffer, pH 5.3, and then eluted with 5-ml. 
aliquots of 0.2 m citrate at a flow rate of 0.5 ml. per minute. 
After the third fraction, the ratio of light absorption at wave 
length 280 my to that at 260 my increased abruptly from less 
than 1.0 to about 1.7 simultaneously with the appearance of 
the enzyme. Fractions from Steps 4 to 7 were combined and 
dialyzed overnight against 2 1. of 0.02 m citrate, pH 5.3. The 





specific activity of the enzyme was about 60 before dialysis 
but decreased to about 50 after dialysis. 

Step 8. Chromatography Repeated—The dialyzed enzyme solu- 
tion was rechromatographed as above to yield 15 ml. of solution 
containing about 0.5 mg. of enzyme with a specific activity of 
280. These dilute solutions of the enzyme were stabilized by 
addition of crystalline bovine serum albumin to a concentration 
of 1 per cent. After dialysis against 0.02 m Tris? pH 7.5, the 
enzyme retained its initial specific activity, despite repeated 


The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Fig. 1. Rate of oxidation of DPNH as a function of enzyme 
concentration in standard optical assay. The reaction mixtures 
contained (in wmoles): Buffer, 53; KCl, 80; MgSO,, 8.4; Versene, 
1.8; ATP, 0.5; deoxy-CMP, 2.0; phosphoenolpyruvate, 0.8; 
DPNH, 0.1; lactic dehydrogenase (containing pyruvic kinase), 
20 wg.; and enzyme (specific activity, 8.9) as indicated. The 
final volume was 1.0 ml. and the temperature, 25°. 


TABLE | 
Purification of deorycytidylic kinase of Azotobacter vinelandii* 





| | | | 





Step ee Units Protein | osc Yield \ deony. 
units/ | 
ml. | mg. | me. % 
protein | 
1. Sonic extract ..| 184 | 11003620 | 0.3t! 100 
2. (NH)s80y.......... | 54 | 8901240 | 0.7} 81 | 1.5 
3. pH 4.2 precipitate...| 50 | 840 | 535 184 8ii3 
4. Heat treatment..... 47 | 775 | 2038 | 3.8 me. i, 2.8 
5. Alumina gel eluate. 95 | 608 | 76.5 7.9 55 
6. pH 4.0 supernatant | 
eee ...-| 90 | 475} 42.3] 11.0 43 A. 
7. First chromatog- | | 
raphy.............| 21 | 290| 4.7] 62.0! 26 | 1.3 
8. Second chromatog- 
raphy............., 15 | 150 0.53)280.0 14 | 1.4 


| 





* 43 gm. of cells were used. 

t Ratio of initial velocity with CMP to that with deoxy-CMP 
as phosphate acceptor. 

t Approximate value. 


freezing and thawing, after four months. 
purification procedure is given in Table I. 

The above method results in the purification of the enzyme 
more than 800-fold over the initial extract. As determined in 
separate experiments, in which the rate of transphosphorylation 
was measured in the absence of the pyruvic kinase system, the 
enzyme catalyzes the formation of 3000 moles of deoxy-CDP 
per 100,000 gm. of protein per minute at 30°. 


A summary of the 


Properties of Enzyme System 


Determination of Substrates and Products—These were deter- 
mined by stepwise elution ion-exchange chromatography, with 
a Dowex 1-formate column, based on the formic acid-ammonium 
formate system developed by Cohn and Volkin (12) and modified 
by Hurlbert et al. (13). An aliquot of the reaction mixtures, 
containing not more than 2.5 uwmoles each of ADP and deoxy- 
CDP, was made alkaline with 1.0 a NH,OH and washed into 


a 3to4 X I-cm. column. The nucleotides were separated by 
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Fig. 2. Formation of deoxy-CDP as a function of enzyme con- 
centration (A) and of time (B). The reaction mixtures contained 
(in moles): Tris buffer of pH 7.5, 100; MgCl, 20; ATP, 10; deoxy- 
CMP, 5; and enzyme of specific activity 175. The final volume 
was 1.0 ml. The incubation time in regard to A was 10 minutes; 
the amount of enzyme in regard to B was 0.71 wg. The tempera- 
ture was 30°. The reaction was stopped by addition of 1.0 ml. 
of 8 per cent trichloroacetic acid. 





TaBLeE II 
Inhibition of deory-CMP phosphorylation by ADP 

The reaction mixtures contained the following components 
(in wmoles): Tris buffer, pH 7.5, 100; MgCl», 20; ATP, 4.8; deoxy- 
CMP, 5.8; and enzyme (specific activity, 175), 0.71 ug. The final 
volume was 1.0 ml.; incubation was for 10 minutes at 30°. The 
reaction was stopped by addition of 1.0 ml. of 8 per cent trichloro- 
acetic acid. 








ADP added | Deoxy-CDP formed 
= _— ee poles 
0 0.51 
0.65 0.40 


1.30 0.33 


Tasie III 
Stoichiometry of reaction: ATP + deory-CMP = 
ADP + deory-CDP 

All samples contained 100 umoles of Tris buffer, pH 7.5, and 
20 umoles of MgCl; in a final volume of 1.0 ml. and were incubated 
at 30°. The remaining components and conditions were as fol- 
lows: Experiment 1, 9 umoles of ATP, 9 wmoles of deoxy-CMP, 
and 10 ug. of enzyme of specific activity 60 with incubation for 
16 hours; Experiment 2, 10 wmoles of ATP, 5.8 umoles of deoxy- 
CMP, and 2.3 ug. of enzyme of specific activity 175 with incuba- 
tion for 3 hours; Experiment 3, 4.5 umoles of ADP, 1.1 umoles of 
deoxy-CDP, and 2.3 ug. of enzyme of specific activity 175 with 
incubation for 18 hours. Results are expressed as wmoles de- 
crease or increase in reactants and products. 

















Experiment | ATP Deory-CMP | ADP Deoxy-CDP | Deoxy-CTP 
1 | —4.72 | —4.35 | +4.28 | +3.05 | +1.15 
2 —4.54 | -3.79 | +4.24 | +3.80 | 0 
—0.70 


+0.70 


—0.73 | 0 
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successive elutions with m formic acid (deoxy-CMP and CMP), 
0.4 M ammonium formate (deoxy-CDP and CDP), 3.1 m formic 
acid (ADP), 0.8 m ammonium formate (deoxy-CTP and CTP), 
and 2 M ammonium formate (ATP). In order to prevent over- 
lapping of the nucleotide fractions, the column was washed with 
two 10-ml. portions of water before elution with each new sol- 
vent. The nucleotides were determined spectrophotometrically 
with use of the following wave lengths and molecular absorption 
coefficients: adenine nucleotides at 260 my; €, 15 x 10°; cytidine 
and deoxycytidine nucleotides at 280 mu; CMP, «, 13 x 10; 
deoxy-CDP and deoxy-CTP; ¢, 11.8 x 10. 

Specificity—The purified enzyme appears to be specific for 
deoxy-CMP and CMP as phosphate acceptors. There was no 
transfer of phosphate from ATP to deoxy-GMP, TMP, deoxy- 
AMP, AMP, IMP, or cytidine. ITP could not substitute for 
ATP as phosphate donor. An enzyme present at early purifica- 
tion stages, catalyzing the phosphorylation of deoxy-AMP 
by ATP at a rate approximately 1.5 times as great as that of 
deoxy-CMP, was virtually eliminated by Step 5 of purification 
of deoxy-CMP kinase. 

As shown in Table I, in the optical assay system the rate of 
reaction with CMP is about 1.5 times faster than with deoxy- 
CMP. However, by direct determination of the rate of forma- 
tion of the products, CMP was found to be phosphorylated at 
60 per cent of the rate of deoxy-CMP. The reason for this 
apparent discrepancy is that the oxidation of DPNH, in the 
optical assay, is the result of the transfer of phosphate from 
phosphoenolpyruvate to not only ADP but also CDP and deoxy- 
CDP and the fact that deoxy-CDP reacts with pyruvic kinase 
at a much lower rate than CDP. 

Course of Reaction and Equilibrium—Fig. 2(A) shows the 
rate of formation of deoxy-CDP, determined chromatographi- 
cally, as a function of enzyme concentration. The time course 
of formation of deoxy-CDP is shown in Fig. 2(B); the reaction 
was linear for about 20 minutes and fell off rapidly thereafter. 
The reason for the decrease in activity is not clear; it may be 
attributable in part to enzyme inactivation and, in part, to 
inhibition by ADP (Table II), since under the conditions of 
this experiment, the reaction was still far from equilibrium after 
60 minutes. 

The stoichiometry of Reaction | in either direction is shown 
in Table III. The disappearance of ATP and deoxy-CMP 
in the forward direction is matched by the appearance of ap- 
proximately equivalent amounts of ADP and deoxy-CDP 
whereas the reverse is true of the opposite direction. Experi- 
ment 1, carried out with enzyme of specific activity 60, shows 
production of deoxy-CTP. In this case, the sum of the amounts 
of deoxy-CDP and deoxy-CTP formed is equivalent to the 
amount of deoxy-CMP disappearing. The formation of deoxy- 
CTP may be due to the presence of a nucleoside diphospho- 
kinase catalyzing the transfer of phosphate from ATP to deoxy- 
CDP or to that of a monophosphokinase catalyzing the reaction 
2 deoxy-CDP = deoxy-CMP + deoxy-CTP, or to both. The 
occurrence of such enzymes in crude Azotobacter preparations 
has been previously reported (1). The mean value of the ap- 
parent equilibrium constant K = [ADP] [deoxy-CDP]/[ATP] 
{deoxy-CMP], determined by measuring the equilibrium con- 
centration of each nucleotide in eight experiments (including 
those of Table III) with either ATP and deoxy-CMP or ADP 
and deoxy-CDP as reactants, was 1.49 with a standard devia- 
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tion of 0.06. A similar value was obtained for the reaction 
between ATP and CMP. 

Other Properties—The transphosphorylation between ATP and 
deoxy-CMP has a pH optimum between 7.5 and 8.1 (Fig. 3) with 
a rather marked decrease of activity on either side of the opti- 
mum. As shown in Table IV the reaction has an absolute 
requirement for Mg++. Maximal activity was obtained with 
Mg*+ to ATP ratios from 1:1 to 2:1; slight inhibition was usually 
observed at higher ratios. Mn++ appeared to be as effective 
as Mgtt+. The energy of activation as determined from Ar- 
rhenius plots was found to be 11,150 calories per mole. 


Preparation and Properties of Deoxycytidine 5'-polyphosphates 


Preparation of Deoxy-CDP —A reaction mixture containing 2 
mmoles of Tris buffer, pH 7.5, 400 umoles of MgCl, 200 umoles 
of ATP, 100 pmoles of deoxy-CMP, 15 units of deoxy-CMP 
kinase (specific activity 210), and water to a final volume of 
20.5 ml., was incubated for 2 hours at 30°. In this time about 
60 per cent of the deoxy-CMP had been phosphorylated to 
deoxy-CDP.* The reaction was stopped by addition of 2.5 ml. 
of 40 per cent trichloroacetic acid and, after removal of the 
protein precipitate by centrifugation, the supernatant fluid 
was made alkaline with 1.0 m NH,OH and washed into a Dowex 
1-X10 (200 to 400 mesh) formate column with 200 ml. of water. 
The column was 10 X 3.4 cm. Elution with nine 30-ml. frac- 
tions of 1.0 m formic acid, at a flow rate of 5 ml. per minute, 
removed the residual deoxy-CMP and a small amount of AMP 
contaminating the ATP. The column was then washed with 
water until the eluent was neutral. The deoxy-CDP was eluted 
with 10 successive 30-ml. fractions of 0.4 M ammonium formate. 
The deoxy-CDP in the eluent (380 ml.) was adsorbed by pas- 
sage through a column (1.5 X 1.4 cm.) of 5 parts of Celite and 
3 parts of Norit A at a flow rate of 4 to 5 ml. per minute. The 
column was then washed with 50 ml. of water, 100 ml. of 0.01 
mM Versene (the disodium salt of ethylenediaminetetraacetic 
acid), pH 6.0, and 100 ml. of water. About 60 per cent of the 
adsorbed nucleotide was eluted with six 10-ml. portions of 50 
per cent ethanol. Additional nucleotide could be recovered by 
elution with 50 per cent ethanol in 0.1 m NH,OH, but this 
treatment resulted in contamination with some other impurity 
from the column. Concentration in a vacuum, filtration and 
lyophilization of the 50 per cent ethanol eluate gave 14 to 15 
mg. of a white powder containing at least 95 per cent deoxy- 
CDP. 

Preparation of Deoxy-CT P —For this preparation, use was made 
of the fact that the deoxy-CDP formed by transfer of phosphate 
from ATP to deoxy-CMP, catalyzed by deoxy-CMP kinase, is 
phosphorylated to deoxy-CTP by transfer of phosphate from 
phosphoenolpyruvate, catalyzed by pyruvic kinase. A reaction 
mixture containing 750 umoles of Tris buffer at pH 7.5, 1.15 
mmoles of KCl, 120 umoles of MgSO,, 25 umoles of Versene, 
5 pmoles of ATP, 120 umoles of phosphoenolpyruvate, 58 
umoles of deoxy-CMP, an excess of pyruvic kinase, and 2 units 
of deoxy-CMP kinase, with water to a final volume of 19.8 
ml., was incubated for 15 hours at 30°. At this time, no deoxy- 
CMP could be detected after ion exchange chromatography of a 


3It has more recently been found that deoxy-CMP can be 
phosphorylated to the extent of 80 per cent or more by incubating 
at 37°. Yields as high as 30 mg. of deoxy-CDP have been obtained 
under these conditions. 
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Fig. 3. Enzyme activity as a function of pH. The reaction 
mixtures contained (in wmoles): Tris buffer of pH 7.5, 100; MgCle, 
5; ATP, 9.6; deoxy-CMP, 5; and enzyme (specific activity, 175), 
0.71 wg. The final volume was 1.0 ml. Incubation continued for 
10 minutes at 30°. Other conditions were as noted in Fig. 2. 
The buffers were: acetate, @; succinate, O; phosphate, G; and 
Tris, ©. 


TABLE IV 
Mg** dependence 
Conditions are the same as in Fig. 2(A), except for the varia- 
tions in MgCl. concentration, with 1.3 wg. of enzyme of specific 
activity of 175. 


MgCl: 


Deoxy-CDP formed 
pmoles pumoles 
0 0 
y 0.17 
10 0.37 
20 0.33 
80 0.32 


().2-ml. aliquot. After removal of the protein and addition of 1 
ml. of n NH,OH, the mixture was passed through a 10 x 3.4- 
em. column of Dowex 1-formate as in the previous preparation, 
and the column was washed with 200 ml. of water at a flow rate 
of 5 ml. per minute. The column was then eluted with 300 ml. 
of 1.0 M ammonium formate. This eluate contained 55 ymoles 
of deoxy-CTP. As in the previous preparation the deoxy-CTP 
was adsorbed on a Celite-Norit A column (2 x 1 em.) and, after 
being washed with 150 ml. of water, was eluted with five 10-ml. 
portions of 50 per cent ethanol in 0.01 nN NH,OH. From 60 to 
70 per cent of the nucleotide was recovered in this way. Con- 
centration and filtration through Whatman No. 3 filter paper 
to remove charcoal yielded a solution of the ammonium salt 
of deoxy-CTP which contained a colored impurity. Elution 
from the charcoal with 50 per cent ethanol resulted in solutions 
free of this impurity but the yield of deoxy-CTP was considerably 
reduced. Since the impurity did not seem to interfere with 
the reactions studied, elution with the ethanol-NH,OH solution 
was preferred. 

Properties of Deory-CDP and Deoxy-CT P—The ratio of light 
absorption at wave length 280 my to that at 260 my in HC! was 
2.1 for both deoxy-CDP and deoxy-CTP. The former gave a 
ratio of deoxycytosine to labile phosphate to total phosphate 
of 1.0:1.0:1.9, whereas the ratio for deoxy-CTP was 1.0:2.0:2.9. 
Both preparations contained less than 1.0 per cent of inorganic 
phosphate. Phosphate was determined by the method of King 
(14) and, occasionally, by the method of Lowry and Lopez 
(15). Further characterization of the two compounds as poly- 
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PHOSPHATE LIBERATED (MOLES) 


HOURS 


Fic. 4. Inhibition of polynucleotide phosphorylase by deoxy- 
CDP. Synthesis of polyadenylic acid from ADP followed by 
orthophosphate liberation (8). The reaction mixtures contained 
(in moles) : Tris buffer of pH 8.1, 50; MgCls, 10; Versene, 1; ADP, 
10; and Azotobacter polynucleotide phosphorylase (specific activ- 
ity, 48), 5 ug. The final volume was 1.0 ml. and the temperature, 
30°. 0.1-ml. aliquots were removed at indicated times for ortho- 
phosphate determination. Curves 1,2, and 8, with no deoxy-CDP, 
with 0.48 ymoles of deoxy-CDP, and with 0.97 umoles of it, respec- 
tively. 


TABLE V 
Inhibition of polynucleotide phosphorylase by deory-CDP 

The reaction was measured by P* ‘‘exchange’”’ as previously 
described (8). The reaction mixtures contained the following 
components (in ywmoles): Tris buffer of pH 8.1, 50; MgClo, 2.5; 
Versene, 1.0; K2HPO, (with 47,000 .c.p.m. of P*), 1.8; Azotobacter 
polynucleotide phosphorylase with a specific activity of 48, 13 
ug., and other components as indicated. The final volume was 
0.5 ml.; incubation continued for 15 minutes at 30°. 








ADP Deoxy-CDP P# “‘exchange’’ 
pmoles moles c.p.m. 
0 1.26 70 
0 1.26 50 
1.26 0 10,650 
1.26 | 0 9,725 
1.26 0.27 | 6,435 
1.26 0.54 | 5,520 


phosphates was obtained by chromatography in the ammonium 
isobutyrate system (16). As already mentioned, deoxy-CDP 
reacted with phosphopyruvate, in the presence of pyruvic kinase, 
to give deoxy-CTP and pyruvate. 

Preparations of Azotobacter polynucleotide phosphorylase, 
capable of reacting with ADP without addition of a primer 
(17, 18), did not react with deoxy-CDP except upon addition 
of such primers as triadenylic acid (18). Under these conditions 
there was “exchange” or incorporation of P*-labeled phosphate 
into deoxy-CDP.‘ It remains to be determined whether this 
reaction is catalyzed by polynucleotide phosphorylase or by a 
different enzyme. In the absence of added primer there was 
neither liberation of orthophosphate nor P® exchange upon in- 
cubating the enzyme with deoxy-CDP in the presence of Mg*+. 
However, deoxy-CDP was found to inhibit the synthesis of 
polyadenylic acid from ADP. As shown in Fig. 4, there was 
about 70 per cent inhibition when the ratio of deoxy-CDP to 


‘Similar observations have been made with thymidine diphos- 
phate. We are indebted to Dr. A. M. Michelson, Arthur Guin- 
ness Son and Company (Dublin) Ltd., Dublin, Ireland, for 
a sample of the synthetic compound. 
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ADP was 1:10. Table V shows that deoxy-CDP also inhibited 
the exchange of radioactive phosphate with ADP, althou a toa 
lesser degree than the net synthesis of polyadenylicghcid.’ 
Neither deoxy-CMP nor deoxy-CTP had an inhibitory effect. 
Deoxy-CDP also inhibited polycytidylic acid synthesis from 
CDP. The inhibition of polynucleotide phosphorylase may be 
attributable to competition of the deoxyribonucleoside diphos- 
phates with their ribose analogues for active sites on the enzyme 
or for primer molecules. 
DISCUSSION 

Studies with partially purified enzymes of mammalian and 
bacterial origin have shown that the ribonucleoside di- and tri- 
phosphates arise mostly by transfer of phosphate from ATP and 
other nucleoside triphosphates to ribonucleoside mono- and di- 
phosphates. The enzymes catalyzing these reactions are known 
as nucleoside mono- and diphosphokinases, respectively (4, 
6, 16, 19, 20). The results of this and previous (1) work indicate 
that nucleoside mono- and diphosphokinases in A. vinelandii 
catalyze the transfer of phosphate from ATP or ITP to deoxy- 
ribonucleoside monophosphates and diphosphates. 

The deoxy-CMP kinase described in this paper has been sep- 
arated (a) from enzymes transferring phosphate from ITP to 
deoxy-CMP, and (6) from enzymes transferring phosphate 
from ATP to deoxy-AMP. It catalyzes the transfer of phos- 
phate from ATP to either CMP or deoxy-CMP but not to other 
nucleoside monophosphates. These facts suggest the follow- 
ing specificity pattern for nucleoside monophosphokinases in 
general: specificity (a) with regard to the base of the donor 
ribonucleoside triphosphate, (b) the base of the acceptor nucleo- 
side monophosphate, and (c) lack of specificity regarding the 
sugar moiety of the acceptor nucleotide. 

As indicated here and as noted by other investigators (21, 22), 
pyruvic kinase catalyzes the transfer of phosphate from phos- 
phoenolpyruvate to a number or ribo- and deoxyribonucleoside 
diphosphates. This may provide an additional source of 
nucleoside triphosphates in the cell. 


Preparations 

Deoxy-AMP, deoxy-GMP, TMP, deoxy-CMP, and _phos- 
phoenolpyruvate were obtained from the California Foundation 
for Biochemical Research, Los Angeles, California. AMP, 
IMP, ADP, CMP, CDP, and ITP, as well as DPNH and crystal- 
line ATP, were obtained from the Pabst Laboratories, Mil- 
waukee, Wisconsin. We are indebted to Dr. R. W. Chambers 
for a sample of synthetic ADP (23). Lactic dehydrogenase 
recrystallized twice was obtained from the Worthington Labora- 
tories. This enzyme contained pyruvic kinase and could be 
used as a source of both lactic dehydrogenase and pyruvic kinase. 
Aluminum hydroxide gel was prepared as follows. 66 gm. of 
Al.(SO,4)3-18 H.O were dissolved in 1200 ml. of water and 280 
ml. of concentrated ammonium hydroxide were added with 
stirring. The suspension was diluted to 2 1]. and stirred for 30 
minutes. The gel was then centrifuged and washed repeatedly 
with distilled water until the supernatant fluid was neutral. 
Water was added to the thick gel paste to give a 500-ml. suspen- 
sion, which was heated in a boiling water bath for 4 hours. 
Longer heating was found to enhance the protein-binding power 
of the gel and thus larger volumes of eluent were required. 


5 We are indebted to Miss Priscilla J. Ortiz for these experi- 
ments. 
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SUMMARY 


1. An enzyme which catalyzes the reversible transfer of phos- 
phate from adenosine triphosphate to cytidine 5’-monophosphate 
or deoxycytidine 5’-monophosphate to form adenosine diphos- 
phate and either cytidine 5’-diphosphate or deoxycytidine 5’- 
diphosphate has been obtained in highly purified form from 
extracts of Azotobacter vinelandii. The enzyme is a nucleoside 
monophosphokinase for which the name ATP-CMP (deoxy- 
CMP) kinase (deoxycytidylic kinase for short) is proposed. 
Some properties of the enzyme as well as the stoichiometry and 
equilibrium of the reaction it catalyzes are described. 
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2. The purified kinase has been used for the preparation of 
deoxycytidine 5’-diphosphate from adenosine triphosphate 
and 5’-deoxycytidylic acid. The large scale preparation of 
deoxycytidine 5’-triphosphate is also described. This prepara- 
tion is based on the fact that the deoxycytidine 5’-diphosphate 
can be phosphorylated to the corresponding triphosphate by 
phosphoenolpyruvate in the presence of pyruvic kinase. 

3. Deoxycytidine 5’-diphosphate, but not the mono- or the 
triphosphate, has been found to be an inhibitor of the reaction of 
ribonucleoside 5’-diphosphates with polynucleotide phosphoryl- 
ase. 
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A series of enzymes which result in the degradation of nucleic 
acids to nucleosides and free bases is known to be present in the 
gastrointestinal tract. Although it is generally believed that 
nucleic acids must be hydrolyzed before absorption, it is not 
entirely clear at what stage absorption occurs. Studies with 
N-labeled yeast nucleic acid fed to rats indicated that some N'™ 
appeared in tissue pyrimidines (1). As free pyrimidines given 
by mouth are not well utilized for nucleic acid formation (2, 3), 
it may be concluded that absorption occurs before the breakdown 
in the lumen of the intestine proceeds to the stage of the free base. 
Nucleosides, on the other hand, are known to be converted readily 
to nucleic acids (4). 

The present study was undertaken in an attempt to correlate 
the degradative reactions occurring in the lumen of the intestine 
with the absorption of the products of these reactions. Small 
sacs of intestine in vitro made possible the sampling of both 
mucosal and serosal sides of the intestinal wall during digestion 
and absorption of pyrimidine nucleotides. 


METHODS 


Preparation of Tissue—A rat or golden hamster was killed by 
a blow on the head, the abdomen opened, and the small intestine 
washed out with saline solution in situ. The jejunum and ileum 
were removed, by stripping, from the mesentery. This portion 
of the intestine was turned inside out with the use of a long 
probe, as previously described (5). A segment of the everted 
intestine (approximately 5 cm. in length) was tied at one end 
with a thread, then filled with bicarbonate-saline solution (6) 
by means of a blunt needle attached to a syringe, and finally 
tied at the other end. The small sac was placed in a 50-ml. 
Erlenmeyer flask containing from 3 to 5 ml. of bicarbonate-saline 
solution in which was dissolved the compound to be studied. 
This was incubated in a Dubnoff shaking incubator at 37° after 
gassing with 5 per cent CO, and 95 per cent O. at pH 7.4. In 
some experiments, streptomycin and penicillin were added to 
give a final concentration of 170 ug. of each per ml. 

Analytical Methods—Samples of the solutions were chromato- 
graphed on Whatman No. 1 filter paper with the following solvent 
mixtures: n-butanol saturated with 10 per cent urea solution 
(7), 70 per cent tert-butanol made 0.8 n with HCl (8), and ethy] 
acetate saturated with 0.05 m phosphate buffer at pH 6.0 (9). 


* This study was supported (in part) by funds provided by the 
National Institute of Arthritis and Metabolic Diseases (Grant 
A-1954) and funds provided under Contract AF41 (657) 53 with 
the School of Aviation Medicine, United States Air Force, Ran- 
dolph Air Force Base, Texas. 


Chromatography with the first two solvents was ascending, 
with the third, descending. Thymidine and thymine, which 
run together in many solvents, are well separated by ethyl 
acetate-phosphate solution. In some experiments, solutions 
were deproteinized by trichloroacetic acid, after which the acid 
filtrate was extracted by ether; in others, 25-yl. samples were 
placed on paper without previous deproteinization. The ultra- 
violet-absorbing spots were visualized under a Minera!ight lamp 
and outlined in pencil. These areas of paper were cut out and 
eluted in 5 ml. of 0.01 n HCl for 30 minutes at 50° to 80° in 
closed test tubes. Quantitative recovery was obtained under 
these conditions. Appropriate paper blanks were run from cor- 
responding locations of the paper. Ultraviolet absorption 
spectra were determined on eluted samples in both acidie and 
alkaline solutions. Identification of substances was based on 
Ry values and ultraviolet absorption spectra. Ribose was 
estimated by the orcinol reaction (10) and inorganic phosphate, 
by the method of Fiske and SubbaRow (11). 
RESULTS 

Thymidylic Acid—When thymidine 5’-phosphate was in- 
cubated on the mucosal side of an intestinal sac, rapid hydrolysis 
to thymidine and inorganic phosphate occurred. Table I shows 
two such experiments in which 90 to 95 per cent hydrolysis of 
the nucleotide was observed in 1 hour. The jejunal segment was 
slightly more active in this regard than the ileal one. A small 
amount of thymine was found on the mucosal side of the jejunal 
segment, although none was found on the opposite side. In 
some other experiments, somewhat larger amounts of free base 
were formed and some appeared on the serosal side. In all 
experiments the nucleoside was the predominant material ap- 
pearing on the serosal side. Penicillin and streptomycin were 
added, at times, to preclude the possibility of bacterial decompo- 
sition. The presence of the antibiotics, however, had no effect 
on the rates of digestion or absorption. 

No ultraviolet-absorbing materials, other than thymine or its 
derivatives, were found on the paper chromatograms with either 
butanol-urea or ethyl acetate-phosphate solvents. The re- 
coveries found in the experiments of Table I were 86 per cent and 
78 per cent, respectively. 

Uridylic Acid—UMP was digested to uridine and uracil. 
Their relative rates of formation were studied by removing 
25-ul. samples of the mucosal solution at various time intervals 
during the incubation. When a sac of hamster intestine was 
incubated at 25° with 25.5 umoles of UMP on the mucosal side, 
no uracil was detected for the Ist hour, and at the end of the 
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TABLE I 

Digestion of thymidine 5'-phosphate by sacs of hamster intestine 

Sacs of hamster small intestine (305 mg. and 308 mg. of wet 
weight) were incubated with 3.0 ml. of bicarbonate-saline con- 
taining thymidine 5’-phosphate on the mucosal side; 1.3 ml. of 
bicarbonate-saline on the serosal side. Final serosal volumes 
were 1.36 and 1.21 ml., respectively. Incubation was for 60 
minutes at 37°. 








Total amount 








Sac No. Solution ~ omit _ , 
Thymidylic | ‘Thymidine | Thymine 
; ‘ ‘adialies.: onal eatdles 
1, 2 Initial mucosal 44.5 0 | O 
1 | Final mucosal (jejunum) 2.0 33.8 | 1.0 
] | Final serosal (jejunum) 0 ee 
2 Final mucosal (ileum) 4.2 29.6 0 
2 Final serosal (ileum) | 0 


| 0.68 | oO 
2nd hour only 1 per cent of the initial UMP had been converted 
to uracil, whereas 79 per cent had changed to uridine. 

A similar experiment was performed on rat intestine. Fig. 1 
shows the rapid rate of hydrolysis of UMP to uridine, about 50 
per cent occurring in 15 minutes. On the other hand, the rate 
of uracil formation was considerably slower. At the end of the 
l-hour incubation the serosal solution (inside the sac) was 
analyzed for ultraviolet-absorbing substances. The concen- 
tration of uridine was 1.0 mmole per 1]. and that of uracil, 1.3 
mmoles per l., no nucleotide being found. It should be noted 
that the concentration of uridine on the mucosal side was about 
7 times that on the serosal side, whereas the concentrations of 
uracil on the two sides were similar. This general relationship 
between concentrations on the two sides was regularly observed 
with both rat and hamster intestine. 2’-UMP and 3’-UMP 
vielded results similar to those of UMP. 

In a few experiments with hamster intestine the uracil con- 
centration was slightly higher on the serosal than on the mucosal 
side. This latter observation suggested the possibility of an 
active transport system for the absorption of uracil. This 
possibility was tested by placing small concentrations of uracil 
on each side of the intestinal wall with incubation for 1 hour. 
No movement of uracil across the wall was observed. This 
experiment was also carried out with cytosine, uridine, and cy- 
tidine with similar results. This indicated that these substances 
were not actively transported across hamster intestine against 
concentration gradients. 

Ribose—An attempt was made to account for the ribose formed 
by the cleavage of uridine. Two methods were used to sepa- 
rate ribose from uridine, which reacts to a slight extent in the 
orcinol reaction. The first method involved the absorption of 
uridine on charcoal columns. The second procedure consisted 
of paper chromatography, subsequent elution of the ribose from 
the paper, and then estimation by means of the orcinol method. 
Table II shows the results of two experiments in which both 
the uracil and ribose that were formed from uridine were meas- 
ured. A large fraction of the ribose could not be accounted for 
in the solutions. Tissue metabolism of a ribose derivative was 
presumed. 

Free ribose when added to the gut preparation was not utilized 
to an appreciable extent. When 12 umoles of ribose were added 
to the mucosal side of each of two sacs of rat smal] intestine, 95 
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Fic. 1. Rat intestine incubated with uridine 5’-phosphate. 
Mucosal solutions were sampled at various time intervals. A sac 
of rat jejunum (204 mg. of wet weight) was incubated in 3.0 ml. 
of bicarbonate-saline containing uridine 5’-phosphate. Final 
concentrations on the mucosal side were uridine, 6.7 mM; uracil, 
1.8 ma; and on the serosal side they were uridine, 1.0 mm; uracil, 
1.3 mm. The initial serosal volume was 1.0 ml.; final volume, 
1.08 ml. 


Tase IT 
Formation of uracil and ribose from uridine by sacs of hamster 
and rat small intestine 

Uridine was placed initially on the mucosal side only (Experi- 
ment No. 1, 108 wmoles; Experiment No. 2, 61 uwmoles). Uracil 
was estimated after elution from paper chromatograms (butanol- 
urea as solvent). Ribose was estimated after removal of uridine 
by charcoal in the first experiment; by elution from paper chro- 
matograms (butanol-pyridine as solvent (12) in the second). 
Incubation was for 90 minutes at 37° at pH 7.4. 


Experiment 
No. 


Animal Solution Uracil Ribose 

pmoles umoles 

1 | Hamster Final mucosal 8.8 0.12 
1 Hamster | Final serosal 3.3 0.0 
2 Rat | Final mucosal 3.2 1.8 
2 Rat | Final serosal i.4 0.0 


per cent of the ribose could be recovered in the two solutions 
(mucosal and serosal) after 1-hour incubation. This agrees with 
a previous finding that ribose was not utilized appreciably by 
similar preparations of hamster intestine (13). 

Cytidylic Acid—The digestion of cytidylic acid is somewhat 
more complicated than that of the other two nucleotides studied. 
Although the main product is the nucleoside, cytidine, some 
deamination of the latter occurs to give uridine, and then uracil. 
Table III shows a representative experiment with deoxycytidine 
5’-phosphate. A similar experiment with cytidine 5’-phosphate 
is given in Table IV. In the latter experiment uridine could be 
visualized on the paper chromatograms, although it could not be 
estimated quantitatively because of the small amount present. 
Similar results were obtained when sacs of intestine were incu- 
bated with cytidine 2’- and 3’-phosphate. 

No evidence for uridylic acid was found in any experiment. 
A small amount of cytosine was identified once. Cytosine was 
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TaBLe III 

Digestion of deozycytidine 5'-phosphate by sacs of hamster intestine 

Sacs of hamster jejunum (No. 1) and ileum (No. 2) were incu- 
bated in 4 ml. of bicarbonate-saline containing deoxycytidine 
5’-phosphate on the mucosal side. 1.0 ml. of bicarbonate-saline 
was placed on the serosal side. All solutions contained strepto- 
mycin and penicillin each at a concentration of 170 ug. per ml. 
Incubation was for 1 hour at 37°. 


























’ D i-| Deoxy- : . 
Sac No Solution dylic cyt quite ae 3 Uracil 
ce a pmoles pmoles pmoles pmoles 
1, 2 | Initial mucosal 74.2 0.0 | 0.0 0.0 
1, 2 | Initial serosal 0.0 0.0 0.0 0.0 
1 Final mucosal 6.9 65.2 0.8 1.7 
1 Final serosal 2.4 0.3 0.1 
2 Final mucosal 37.6 22.9 0.5 0.0 
2 Final serosal 2.5 | 0.06 0.0 
TasBLe IV 


Digestion of cytidine 5'-phosphate by sacs of hamster intestine 

A sac of hamster jejunum (240 mg. of wet weight) was incubated 
in 3 ml. of bicarbonate-saline solution containing cytidine 5’- 
phosphate on the mucosal side. The serosal side contained 1.0 
ml. of solution. The final volume on the serosal side was 0.85 
ml. Incubation was for 90 minutes at 37°. 25-ul. samples of 
mucosal solution were placed on paper chromatograms at different 
time intervals. 





























Time Solution Cytidy lic Cytidine Uridine Uracil 

mins. " Tin pmoles pmoles pmoles pmoles 
0 Mucosal 30.9 0.0 0.0 0.0 
15 Mucosal 16.2 11.6 0.0 0.0 
30 Mucosal 9.1 18.3 trace 0.7 
90 Mucosal 1.5 23.8 trace 2.0 
90 Serosal 0.0 0.3 trace 0.6 

TABLE V 


Inorganic phosphate formed from hydrolysis of cytidine 5'-phosphate 
The experiment is the same as that shown in Table IV. Deter- 
minations were performed after 90-minute incubation. 











Location | Substance Initial Final Change 
pmoles pmoles pmoles 
Mucosal side. ..... Phosphate 3.30 31.5 +28.3 
(inorganic) 
Serosal side........| Phosphate 1.10 1.70 +0.6 
(inorganic) 
Mucosal side. .....| Cytidylic 30.9 1.5 —29.4 
acid 
Serosal side........| Cytidylic 0.0 0.0 0.0 
acid 

















incubated with the intestinal sacs and no uracil was formed. 
These results suggest that the sequence of reactions is: cytidylic 
acid — cytidine — uridine — uracil. 

Inorganic Phosphate—Comparison was made between inor- 
ganic phosphate formed and the cytidylic acid hydrolyzed. 
Table V shows that virtually all of the phosphate formed from 
the hydrolysis is present on the mucosal side of the intestinal 
wall. One possible explanation would be that nucleotidase is 
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secreted by the intestinal mucosa during incubation and hydroly- 
sis occurs in the mucosal solution. No hydrolysis occurred, 
however, when cytidylic acid was incubated in the mucosal 
solution at pH 7.4, in which a sac of hamster intestine had been 
previously incubated. When mucosal homogenates were pre- 
pared, most of the nucleotidase activity was found in the sedi- 
mented fraction, little activity appearing in the supernatant. 


DISCUSSION 


The digestion of nucleic acids has been studied for over 50 
years. The early studies of Araki (14), Nakayama (15), and 
Jones (16) established the presence in animal tissues of enzymes 
capable of liquifying gelatinized thymus nucleic acid. It was 
not until the study of Jones (17) in 1920 that nuclease was 
shown to cleave internucleotide bonds without the liberation of 
inorganic phosphate or free bases. In 1910, London and Schit- 
tenhelm (18) studied the progress of digestion and absorption 
of nucleic acids in a series of unanesthetized dogs, each of which 
was prepared with a fistula at a particular location along the 
gastrointestinal tract. Hydrolysis seemed to be more active in 
the ileum than in the jejunum, no activity being found in the 
stomach. Hydrolysis in the small intestine proceeded to the 
nucleoside level as the authors found inorganic phosphate and 
combined purines. The analytical methods for pyrimidines 
were not as satisfactory as those for purines until the advent of 
chromatography so that degradation of pyrimidine portions of 
nucleic acids was not studied in great detail. The first classifi- 
cation of enzymes responsible for digestion of nucleic acids was 
proposed by Levene and Medigreceanu (19) who clearly dis- 
tinguished between nucleases, nucleotidases, and nucleosidases. 

In the present experiments in vitro the most rapid reaction 
in the degradation of pyrimidine nucleotides is the hydrolysis to 
yield nucleoside and inorganic phosphate. The presence of this 
phosphate almost exclusively on the mucosal side may be ex- 
plained by a number of hypotheses: (a) hydrolysis by an enzyme 
secreted into the mucosal solution; (6) hydrolysis within the 
cell and extrusion of the phosphate exclusively onto the mucosal 
side, or (c) hydrolysis by an enzyme located on the lumen surface 
of the epithelial cells of the mucosa. Enzyme secretion was 
tested and found not to occur under the conditions of these 
experiments. Hypothesis (b) cannot be excluded although there 
is no evidence of phosphate excretion into the lumen by prepara- 
tions of intestine in vitro (20). The presence of a phosphatase 
on the surface of the mucosa of the small intestine of the rat 
has previously been demonstrated by Rothstein et al. (21). 
Thus, the present data are consistent with the idea that hydroly- 
sis of the nucleotide is brought about by enzymes on the surface 
of the epithelial cells of the mucosa. 

The conversion of the pyrimidine nucleosides to the corre- 
sponding free bases occurs much more slowly than the dephos- 
phorylation reaction. Uracil formation from uridine seems 
to be more rapid than the corresponding reactions with thymidine 
and cytidine. The reaction of uridine to uracil does not appear 
to be a simple hydrolysis, as the ribose moiety derived from 
uridine is taken up by the tissue, whereas free ribose added to 
the medium is not. As a pyrimidine phosphorylase is known to 
be present in the intestinal epithelium in large amounts (22), it 
is reasonable to assume that ribose 1-phosphate might be formed 
from uridine and inorganic phosphate in the present experiments. 

A mixture of nucleoside and free base passes across the intesti- 
nal wall of sacs in vitro. The nucleoside predominates in the 
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thymidylic acid experiments. In the uridylic acid experiments 
varying proportions of uridine and uracil were found on the 
serosal side. The concentration of uracil on the two sides was 
similar, whereas the concentration of uridine was always 5 to 
10 times higher on the mucosal side than on the serosal side. 
Perhaps the uracil is formed within the cell and diffuses into 
both the serosal and mucosal solutions. The uridine, on the 
other hand, is produced in the mucosal solution and must diffuse 
across the wall. None of the nucleosides or free bases was found 
to be transported across the wall against a concentration gradient. 
It is presumed that they pass across by simple diffusion. 


SUMMARY 


Preparations in vitro of small intestine from white rats or 
golden hamsters will digest the following nucleotides: thymidine 
5’-phosphate, uridine 5’-phosphate, uridine 2’- and 3’-phosphate, 
cytidine 5’-phosphate, cytidine 2’- and 3’-phosphate and deoxy- 
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cytidine 5’-phosphate. All of these compounds were rapidly 
hydrolyzed by intestinal mucosa to form the corresponding 
nucleosides. With uridylic and thymidylic acids small amounts 
of the free bases were also formed. Cytosine nucleotides ap- 
peared to follow the following reaction sequence: cytidylic 
acid (or deoxycytidylic acid) — cytidine (or deoxycytidine) > 
uridine (or deoxyuridine) — uracil. 

After the incubation of a nucleotide on the mucosal side of 
the intestine, a mixture of nucleoside and free base was found 
on the opposite side (serosal side), the proportion of the two 
depending on the nucleotide studied and the experimental condi- 
tions. 

Neither the nucleosides nor the free bases were transported 
across the wall against concentration gradients. 


Acknowledgment—D. Wright Wilson wishes to thank Lindsay 
Hamilton for his technical assistance. 
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Despite the many reactions in which vitamin B, functions as 
a coenzyme, little is known concerning its biosynthesis and 
degradation. The reactions in which vitamin Bs is known to 
participate as a substrate have been summarized in a recent 
review by Hurwitz (1). Only one product of oxidative me- 
tabolism, 4-pyridoxic acid, has been identified. Huff and Perl- 
zweig (2) isolated this compound from the urine of persons who 
had ingested large doses of pyridoxine. Subsequently, Rabino- 
witz and Snell (3) demonstrated that 4-pyridoxic acid was the 
principal product of oxidation excreted by man when pyridoxine, 
pyridoxamine, or pyridoxal was fed. Pyridoxal also was 
formed from pyridoxine and pyridoxamine. On the enzymatic 
level, Schwartz and Kjeldgaard (4) have shown that aldehyde 
oxidase from horse and rabbit liver oxidizes pyridoxal to 
4-pyridoxie acid. 

Until recently, the only metabolic reactions of vitamin Bs 
which had been demonstrated in microorganisms were the 
conversion in growing organisms of all three forms of vitamin 
B, to pyridoxal phosphate (5). In addition, a pyridoxal kinase 
which catalyzes the phosphorylation of all three forms of vitamin 
B, by adenosine triphosphate has been partially purified from 
yeast and several of its properties studied (6). More recently, 
Hurwitz (1) reported that resting cells of Acetobacter rancens 
oxidize pyridoxamine, probably with the formation of pyridoxal. 

This paper describes the isolation from soil by the enrichment 
culture technique of 10 different bacterial strains and 1 yeast 
that grow on one or more forms of vitamin Bg as the sole or 
predominant source of carbon and nitrogen. The isolation, 
characterization, and properties of isopyridoxal, 5-pyridoxic 
acid, and 5-pyridoxic acid lactone as oxidation products formed 
from pyridoxine by one of these cultures are described. Further 
oxidation of pyridoxine or of these intermediate products by 
the same culture gives rise to an unidentified compound termed 
the “260 compound,” carbon dioxide, and ammonia. 


EXPERIMENTAL 


Materials—Pyridoxine, pyridoxamine, and pyridoxal hydro- 
chlorides, and authentic samples of pyridoxine dimer, 5-pyridoxic 
acid lactone, and pyridoxine-2-C" were kindly supplied by 
Merck and Company through the courtesy of Dr. Karl Folkers. 

Stock solutions of vitamin B, in distilled water were adjusted 


* Supported in part by a grant (A-1448) from the United States 
Public Health Service. Presented in part before the American 
Society of Biological Chemists, Philadelphia, April 1958 (Fed- 
eration Proc., 17, 298 (1958)). 

+ Postdoctoral fellow of the United States Public Health Serv- 
ice. 

t On leave from the Weizmann Institute of Science, Rehovoth, 
Israel. 


to pH 7.0, diluted to 100 mg. per ml., sterilized by filtration,’ 
and stored in low-actinic glass containers at 5°. 

Basal Medium—The basal medium contained 1.0 gm. of 
KH2PO,, 0.5 gm. of MgSO,-7H.0, 3 mg. of CaCh, and 3 mg. 
of FeSO, in 1 1. of distilled water. The medium was adjusted 
to pH 7.0 with KOH and sterilized by autoclaving at 120° for 
30 minutes. To avoid precipitation of magnesium phosphate 
upon heating, magnesium sulfate solutions were autoclaved 
separately and added to the other salts after cooling. 

Paper Chromatography of Vitamin B, and Related Compounds— 
The solvent mixtures used for the chromatography of vitamin Bs 
and its metabolites had the following percentage composition 
(volume for volume): water, 20; acetone, 35; tert-butanol, 40; 
and either diethylamine, 5 (Solvent A); or glacial acetic acid, 
5 (Solvent B). Both solvents gave discrete spots with most 
compounds tested (Table I). Ascending chromatograms on 
sheets of Whatman No. | paper were run from 12 to 18 hours, 
dried, and developed by spraying either with diazotized sul- 
fanilic acid (8) or with 1 per cent (weight per volume) dichloro- 
quinonechlorimide (Matheson Company) in toluene, followed by 
dilute ammonium hydroxide solution. 

The various colors formed by coupling diazotized sulfanilic 
acid with vitamin B, derivatives are permanent (cf. 9), whereas 
the blue indophenol formed with vitamin B, derivatives and 
dichloroquinonechlorimide (10) fades rapidly upon exposure to 
light. The relative rates of fading vary appreciably, however, 
a property that is sometimes advantageous when spots overlap 
(Table 1). The sensitivity of the color test with dichloro- 
quinonechlorimide is somewhat greater than that with diazotized 
sulfanilic acid. 

Column Chromatography of Pyridoxine Metabolites—A 
styrenedivinylbenzene polymer with quaternary ammonium 
groups (8 per cent cross-linked, 200 to 400 mesh Dowex 1 washed 
free from ultraviolet-absorbing impurities) was used for the 
separation of metabolites of pyridoxine. A column of the 
resin measuring 35 X 500 mm. was converted from the chloride 
to the formate form by elution with 3 Mm ammonium formate 
and washed free from excess formate with distilled water. 


RESULTS 


Isolation of Organisms Degrading Pyridoxine, Pyridoxamine, 
and Pyridoxal—Liquid cultures were grown in 50-ml. Erlenmeyer 


1 When 10 per cent aqueous solutions of pyridoxine were auto- 
claved at pH 7.0, formation of several compounds was revealed 
by paper chromatography. The major new component was iso- 
lated and proved identical in melting point, elementary analysis, 
chromatographic behavior, and ultraviolet spectrum with the 
previously described (7) pyridoxine dimer. 
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TABLE [ 


Detection of vitamin Bs and related compounds on 
paper chromatograms 

Ascending chromatograms were run on Whatman No. 1 paper, 
dried, examined under ultraviolet light, and then sprayed either 
with diazotized sulfanilic acid (8) or with dichloroquinonechlor- 
imide (10). Under ultraviolet light (see below), F indicates that 
the compound fluoresced; Q, that it was quenched. The colors 
are indicated as follows: B, blue; G, green; P, purple; Y, yellow; 
O, orange. A negative sign indicates that there was no color. 





Rr value | Color with 
ds a ey ; 
ss | solvent a | Solvent] light. | Dichlor- | Diseotized 
|chlorimmide | acid 
PyTIGOMIMG. «00.5 c scene nn 0.31 |0.57| F | B Y-O 
Pyridoxamine...........| 0.70 | 0.20 | we: O 
Pyridoxal............ 0.64 (0.60) F | BG | Y 
1, Isopyridoxal, 
(2-methyl-3-hydroxy - 
4-hydroxymethy]-5- 
formylpyridine). .. 0.4-0.6*! 0.66 | F Bt P 
II, 5-Pyridoxic acid lac- | 
ee a ee on 0.56 | 0.87 | F B Y 
III, 5-Pyridoxic acid.... 0.15 0.85) F | B Y 
IV, “260 compound”.... 0.10 0.70) Q ~ _ 
Pyridoxine dimer.... 0.18 0.65 | F B Y-O 
Pyridoxal oxime.... 0.55 0.85 | F B Y 
Isopyridoxal oxime. 0.45 | 0.72) F B Y-O 
4-Pyridoxic acid.... 0.80 | 0.52 | F B O 
4-Pyridoxie acid lactone Y-O 


0.68 | F B 





* A diffuse spot. 
+ Fades rapidly, allowing 5-pyridoxie acid lactone to be de- 
tected in the presence of isopyridoxal in Solvent A. 


flasks containing 10 ml. of sterile basal medium, supplemented 
with 20 mg. of pyridoxine or pyridoxamine or 10 mg. of pyridoxal. 
Additional cultures were prepared in which 20 mg. of potassium 
succinate or 2 mg. of yeast extract (Difco Laboratories) were 
added in addition to pyridoxal. After inoculation with 100 to 
500 mg. of creek soil or San Francisco Bay mud, cultures were 
incubated at 30° with shaking for from 3 to 5 days. When 
considerable turbidity had developed, 0.1-ml. aliquots were 
transferred to fresh sterile medium and incubation continued 
in the same way. After three to five such successive transfers, 
the cultures were plated on solid medium of the same composi- 
tion, but with 2.5 per cent agar added. Individual colonies of 
different appearance were then isolated, replated, and further 
tested for their ability to grow in liquid medium under the 
conditions described for enrichment culture. 

Stock cultures were maintained in 2-dram screw-cap vials on 
agar slants of the same composition as that on which the or- 
ganisms were isolated. Slants were inoculated and allowed to 
grow at 30° for 3 days, then kept at 5° and transferred monthly. 

Standard methods of identification (11) were employed to 
determine the taxonomic position of the 11 isolated organisms. 
There were 9 that were assigned to the genus Pseudomonas. 
Culture L was identified as Torulopsis niger, and YB as belonging 
to the genus Flavobacterium? (Table II). 

In general, each organism grew best on that substrate on which 


2 We are indebted to Dr. George Melnykovych for carrying out 
the diagnostic tests resulting in these classifications. 
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Tas.e II 
Classification of isolated organisms and utility of various forms of 
vitamin Bs as carbon and nitrogen sources for growth 
Classification of organisms was carried out according to Breed 
et al. (11). Cultures were shaken at 30° for 4 days and turbidity 
estimated visually. Cultures 8, YA, and YB were tested on 
vitamin Bs plus succinate or yeast extract. Growth was esti- 


mated as: heavy (+++), good (++), slight to moderate (+), 
none (—). 





te 
| Growth after 4 days in 


yn Carbon-nitrogen . . 3 : ae tee 
= source Ser fethation Generic designation 
Pyri- |Pyrido-| Pyri 
doxine | xamine| doxal 
IA Pyridoxine Pseudomonas sp. +++) ++* —- 
IB Pyridoxine Pseudomonas sp. +++ -— - 
IC Pyridoxine Pseudomonas sp. +++ 44% —- 
ID Pyridoxine Pseudomonas sp. (+++) — - 
MA | Pyridoxamine | Pseudomonas sp. - itt+| — 
MB | Pyridoxamine | Pseudomonas sp. — |+++/ - 
MC | Pyridoxamine Pseudomonas sp. ++ 44+ - 
L Pyridoxal Torulopsis niger + - +4 
Ss Pyridoxal + Pseudomonas sp. - + + +4 
succinate 
YA | Pyridoxal + Pseudomonas sp. + + + 
veast extract 
YB | Pyridoxal + Flavobacterium sp. + + + 


yeast extract 


* A blue pigment (see the text) was formed by these cultures. 


it was originally isolated. None of the cultures isolated with 
pyridoxine or pyridoxamine as substrate grew on pyridoxal, 
and only one of those isolated on pyridoxamine grew on pyri- 
doxine. Those isolated on pyridoxal, however, grew either on 
pyridoxine, pyridoxamine, or on both. When grown on pyri- 
doxamine, Cultures IA and IC produced a dark blue pigment 
that sedimented with the cells on centrifugation. This pigment 
was insoluble in water, methanol, acetone, benzene, ethy! 
acetate, chloroform, carbon disulfide, and glacial acetic acid. 
It was soluble in N ,N-dimethylformamide, pyridine, and dilute 
KOH, and turned colorless upon acidification. None of the 
organisms isolated on pyridoxamine formed this pigment. 
Comparative Action of Cultures IA to ID on Pyridoxine— 
Subcultures of Cultures IA to ID (Table IL) were prepared on 
slants of solid medium. After incubation for 3 days, cells from 
one slant of each organism were suspended in 1.0 ml. of sterile 
water. 0.1 ml. of these suspensions was used to inoculate 
separate 10-ml. cultures of basal medium supplemented with 
20 mg. of pyridoxine in 20 XK 150-mm. culture tubes. The 
tubes were shaken at 30°, and at appropriate time intervals the 
turbidity at 650 my of each tube was recorded. Simultaneously, 
aliquots were removed aseptically, centrifuged, and portions of 
the supernatant liquids were chromatographed on paper and 
examined for changes in spectrum (Fig. 1) and pH (Fig. 2). 
The spectral and chromatographic changes observed were 
qualitatively and quantitatively indistinguishable with all 
four organisms. The intensity of both absorption maxima of 
pyridoxine decreased gradually and shifted slightly towards 
each other. Finally, the characteristic double-peaked spectrum 
of pyridoxine was replaced by a single peak at approximately 
260 mu (Fig. 1). Paper chromatography showed the gradual 
disappearance of pyridoxine, accompanied by the appearance 
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Fig. 1. Spectral changes accompanying growth of Culture IA 
on pyridoxine. Aliquots of the centrifuged, cell-free medium 
were diluted 1:100 in 0.1 m potassium phosphate, pH 7.0, and the 
spectra taken on a recording spectrophotometer. ——, 0 hours; 
rare , 30 hours; ----, 48 hours; ----, 70 hours of growth. 
Spectral changes observed with Cultures IB, IC, and ID were 
essentially identical with those shown for Culture IA. 
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Fic. 2. pH changes accompanying growth of Cultures IA to 
ID on pyridoxine. Solid symbols are for Cultures IA, IB, and 
IC, and open symbols are for Culture ID. Growth is represented 
by squares, and pH by circles. 


and subsequent disappearance of three zones (Rr values were 
0.55, 0.15, and 0.4 to 0.6 in Solvent A) which gave colors with 
diazotized sulfanilic acid and with dichloroquinonechlorimide. 
When the spectrum showed only the peak at 260 my, no com- 
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pounds were detectable with either reagent, but a single spot 
at Ry 0.10 in Solvent A was visible as a dark area under ultra- 
violet light. 

The pH showed a sharp minimal value before maximal growth 
was reached. With Culture ID the pH change was not as 
great, and in this respect it appeared to differ from the other 
organisins (Fig. 2). 

Isolation of Metabolites—In view of the apparent similarity of 
the four organisms with respect to pyridoxine oxidation, Culture 
IA was selected for further study because it grew readily both on 
pyridoxine and pyridoxamine. To provide sufficient quantities 
of metabolites for isolation and characterization, cells from a 
3-day-old slant of Culture IA were suspended in 5 ml. of sterile 
water and transferred to a Roux bottle containing sterile solid 
medium (100 ml. of basal medium, 0.2 gm. of pyridoxine, and 
2.5 gm. of agar). After incubation for 3 days at 30°, the growth 
was harvested in a small volume of sterile water and used in an 
amount equivalent to about 0.5 to 1.0 mg. of dry cells per flask 
to inoculate from two to four 2800-ml. Fernbach flasks, each 
containing | 1. of the basal medium plus 2 gm. of pyridoxine. 
Flasks were then shaken at 30° for from 2 to 7 days. The course 
of growth was followed spectrally and chromatographically, 
and when sufficient quantities of the desired metabolites had 
accumulated, the cells were removed by centrifugation. The 
combined supernatant liquids were then concentrated under 
reduced pressure (bath temperature, 50°) to about one-eighth of 
their original volume. When supernatant liquids from cultures 
2 to 4 days old were concentrated in this way, crystals of an 
unidentified compound, I, separated and were removed by 
filtration. These crystals were frequently contaminated with 
inorganic phosphates, which were removed by recrystallization 
from 95 per cent ethanol. 

Pilot experiments with several ion exchange resins resulted in 
adoption of the following procedure for separation of the metab- 
olites of pyridoxine. The concentrated filtrate from up to 6 1. 
of culture medium was applied to the column of Dowex 
1-formate and eluted successively with 3 |. of distilled water, 4 |. 
of 0.1 m formic acid, and 2.5 1. of 3 m formic acid, all at a flow 
rate of from 3 to 6 ml. per minute. A typical elution pattern 
is shown in Fig. 3. Fractions A, B, and C were evaporated to 
dryness under reduced pressure at a bath temperature of 50°; 
Fractions D and E were lyophilized. Fraction A contained 
additional Compound I and any residual pyridoxine present. 
Recrystallization from 95 per cent ethanol and then from water 
yielded pure Compound I. When incubation was stopped at 
the appropriate time, as much as 500 mg. of Compound I per I. 
of culture fluid was isolated. 

Fraction B contained a second unknown, II, and Fraction C 
a third compound, III. A complete separation of II and III 
was not achieved by use of the column alone, however. As 
much as 100 mg. of Compounds IT plus III per 1. of culture fluid 
were frequently recovered. 

Fraction E contained an unidentified compound, IV, with a 
characteristic, single absorption maximum at 260 my which, 
unlike spectra of Compounds I to III, was relatively unaffected 
by pH. It is referred to as “(260 compound”’ and was frequently 
obtained in amounts up to 200 mg. per |. of culture fluid. Im- 
mediately preceding this compound, a yellow-colored fraction 
(Fraction D, Fig. 3) with no appreciable ultraviolet absorption 
at 260 my was collected. After lyophilization, this fraction 
yielded about 5 mg. (from 6 1. of culture fluid) of a viscous brown 
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Fic. 3. Pattern of elution of metabolites from a 3- to 4-day-old culture of IA grown with pyridoxine as substrate. 


Optical densi- 


ties of appropriately diluted samples were determined at 320 my for Fraction A, 300 my for Fractions B and C, and 260 my for Fraction 
E. Fraction D was eluted at the position indicated; in the concentration present there was no absorption in the ultraviolet, and the 
indicated optical density for this yellow fraction is without significance. The optical density scale is multiplied By 1000. 


material which gave no color with dichloroquinonechlorimide or 
diazotized sulfanilic acid. The identity of the compound or 
compounds contained in Fraction D is at present unknown. 


Characterization and Properties of Metabolites of Pyridoxine 


1. Compound I (Isopyridoxal)—Compound I dissolved in water 
to yield a colorless solution, but was more soluble in ethanol, 
pyridine, or dilute acid or base. Crystallization from water or 
95 per cent ethanol yielded white needles which decomposed 
at 185-187° (corrected). Compound I gave a blue color with 
dichloroquinonechlorimide, and a red-brown color with ferric 
chloride, suggesting that it was a 3-hydroxypyridine. 

Elemental analysis corresponded to the empirical formula, 
CsHyNOs. 


Found: C 57.84, H 5.44, N 8.10, 8.15 
Calculated: C 57.5, H 5.43, N 8.4 


Compound I contained a reactive carbonyl group as evidenced 
by formation of a yellow 2,4-dinitrophenylhydrazone and a 
colorless oxime, which decomposed at 192-193° (corrected) with 
previous darkening, and analyzed correctly for a monoxime, 
CsHioN Os. 


Found: ) 52.87, H 5.59, N 15.12, 15.25 
Calculated: C 52.8, H 5.54, N 15.4 


This oxime differed from the isomeric pyridoxal oxime (decom- 
position point 225-226° (12)) in melting point and Rr value 
(Table I). 

The product resulting from treatment of an aqueous solution 
of I with sodium borohydride was spectrally and chromato- 
graphically identical with pyridoxine, thus indicating the 
identity of the 1, 2, and 6 positions with those in pyridoxine. 
The formation of a monoxime isomeric with pyridoxal oxime 
proved that I was not pyridoxal. This was also excluded by 




















250 300 350 400 
WAVELENGTH, mu 
Fig. 4. Ultraviolet absorption spectrum of isopyridoxal. 


Three-times recrystallized isopyridoxal which decomposed at 
185-187° (corrected) was used. Solvents were: —---, 0.1 x HCl; 
—— 0.1 M potassium phosphate, pH 7.0; - - -, 0.1 n KOH. 


the lack of identity of I with pyridoxal in spectral (Fig. 4, 
Table III), microbiological, and chemical behavior. Thus the 
5 position was the only probable site for the aldehyde group. 
This position of the formyl group was further confirmed by 
oxidation to the corresponding acid. 100 mg. of I and silver 
oxide freshly prepared from 2.0 gm. of silver nitrate were sus- 
pended in 25 ml. of water in a low-actinic flask and shaken at 
30° for 24 hours. After filtration, removal of Ag* as Ag.S, 
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Tas_e III 
Spectral properties of metabolites of pyridozine 
Samples of the isolated compounds were recrystallized at least 
twice and were chromatographically homogeneous. Molar ab- 
sorbancies were calculated from data obtained with a Beckman 
model DU spectrophotometer. For measurements at pH 7.0, 
0.1 m phosphate buffer was the solvent. 





Ultraviolet spectrum 





Compound | po 





Solvent | Maxima | absorbancy 
| [Amen x 
eso? 6 a: wh a a 
I, Isopyridoxal, (2-methyl-| 0.1 N HCl | 230*, 284 | 2.8, 7.2 
3-hydroxy-4-hydroxy- pH 7.0 | 256, 311.5 | 5.9, 7.4 
methyl-5-formylpyri- 0.1 N NaOH | 244,296 | 7.4, 6.1 
dine) | 
| | 
Il, 5-Pyridoxic acid lac- | 0.1 Nn HCl | 252, 291.5 44,78 
tone, (3-hydroxy-4-hy- | pH 7.0 | 277,321 | 6.1, 5.6 


droxymethyl-2-methyl- | 0.1 N NaOH | 250*, 314.5 | 5.1, 6.6 
pyridine-5-carboxylic 
acid lactone) | 


! 


Ill, 5-Pyridoxie acid, | 0.1N HCI | 296 8.4 
(3-hydroxy-4-hydroxy- | pH 7.0 | 267, 327 | 3.5, 6.0 
methyl-2-methylpyri- | 0.1 N NaOH 


250*, 315 | 5.1, 6.5 
dine-5-carboxylie acid) 


| | 





| 
| 
| 





* Shoulder. 


and concentration of the filtrate to dryness, light yellow crystals 
were isolated, which, after recrystallization from absolute 
ethanol, decomposed at 271° (corrected). The oxidation prod- 
uct was chromatographically and spectrally identical in the 
ultraviolet and infrared with authentic 5-pyridoxic acid lactone 
(12). The latter decomposes at 272° (corrected) and a mixed 
decomposition point of the two compounds showed no depression. 

On the basis of the above evidence, Compound I was assigned 
the structure 2-methyl-3-hydroxy-4-hydroxymethyl-5-formy]- 
pyridine, for which we have used the trivial name, isopyridozal. 

Isopyridoxal was synthesized previously (13) in connection 
with the synthesis of pyridoxal, and its microbiological activity 
was determined (14). Assays of isolated isopyridoxal by similar 
procedures showed that, in contrast to pyridoxal, it was inactive 
in supporting growth of Streptococcus faecalis but was from 60 
to 80 per cent as effective as pyridoxal in supporting growth of 
Saccharomyces carlsbergensis and Kloeckera brevis. These results 
agree with those reported previously for the synthetic compound 
(14) and provide additional evidence for the proposed structure 
of I. In the previous study, synthetic isopyridoxal did not 
support growth of rats at a level of 4 wg. per rat perday. Assay 
of the isolated product at the higher level of 40 ug. per rat per 
day showed slight but definite growth-promoting activity, 
approximately 4 per cent of that of pyridoxal on a molar basis.* 
That this is true activity, and not due to contamination with 
pyridoxal, is evidenced by chromatographic homogeneity of the 
product, by spectral evidence, and by absence of any growth- 
promoting activity for S. faecalis, for which pyridoxal is highly 
active. 

* Dr. Mary Anne Williams of the Department of Nutrition and 
Home Economics, University of California, Berkeley, was kind 
enough to perform these assays. 
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Isopyridoxal proved unable to replace pyridoxal as a catalyst 
for nonenzymatic transamination (15), serine dehydration, or 
cysteine desulfhydration (16, 17) in the presence of metal ions, 
This inactivity is in accord with, and provides additional evi- 
dence for, the mechanism previously suggested (18) for these 
pyridoxal-catalyzed reactions. 

2. Compounds II (5-pyridoxic acid lactone) and III (5-pyri- 
doxic acid)—When either Fraction B or C (Fig. 3) from the resin 
column was concentrated at reduced pressure, colorless prisms 
of Compound II appeared. These were removed by filtration, 
and the filtrate concentrated to a brown sirup, which crystallized 
on cooling, yielding light yellow needles of Compound III. 
Compounds II and III were recrystallized from 95 per cent 
ethanol and from absolute ethanol, respectively, until each was 
chromatographically homogeneous. In later practice, Fractions 
B and C were combined, evaporated to dryness, and ground to 
a powder. An initial separation of II and III was achieved by 
suspending the yellow powder in about 10 times its own weight 
of water, then filtering with the aid of suction. The light- 
colored, insoluble material was dissolved in hot 95 per cent 
ethanol, decolorized with charcoal, and after two recrystalliza- 
tions from 95 per cent ethanol yielded colorless prisms of II, 
decomposition point 272° (corrected), which gave only one spot 
on paper chromatography. The yellow aqueous filtrate from 
the initial separation was evaporated to dryness and after two 
recrystallizations from absolute ethanol, yielded light yellow 
needles of III, which also decomposed at 273° (corrected). 

The chromatographic behavior, ultraviolet spectrum, and 
infrared spectrum in KBr pellets of Compound II all were 
identical with those of synthetic 5-pyridoxic acid lactone. A 
mixture of II with the authentic lactone gave no depression in 
decomposition point (=273°). Compound II and authentic 
5-pyridoxic acid lactone were converted to their hydrochlorides 
by treatment at 100° with 6 n HCl, evaporation to dryness, and 
crystallization from absolute ethanol. Both hydrochlorides 
decomposed at 242-246° (corrected), with previous softening 
and darkening; there was no depression upon mixing. 

The spectrum and chromatographic behavior of Compound 
III were identical with those of authentic 5-pyridoxic acid. 
Treatment of this compound at 100° with 6 N HCl, as described 
earlier, yielded pale yellow crystals of a hydrochloride identical 
with 5-pyridoxic acid lactone hydrochloride by melting point, 
mixed melting point, and chromatographic criteria. Thus III 
had been converted to II by treatment with HCl. 

The ultraviolet spectra of II and III are different in acid but 
the same in basic solutions (Table III). When a basic solution 
of II is acidified, the spectrum becomes identical with that of 
III, indicating that II is converted to III by treatment with base. 
This conclusion is supported by paper chromatographic evidence. 

On the basis of the above evidence, II must be the lactone of 
2-methyl-3- hydroxy -4-hydroxymethyl-5-carboxypyridine (5- 
pyridoxic acid lactone), and III, the corresponding free acid, 
5-pyridoxic acid. Whether the lactone or the free acid is the 
primary product formed during enzymatic oxidation of isopyri- 
doxal is not known. 

3. Formation of Compound IV (‘260 compound’’)—The 
appearance in culture fluids of a compound with an absorption 
maximum at 260 my was noted earlier (see Figs. 1 and 3). It 
was always a major component of the culture fluid after 2 to 4 
days of incubation. The compound was isolated as a light 
brown powder by lyophilization of Fraction FE from the Dowex 1- 
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formate column. Its properties and characterization are 
described in another study (19); upon hydrolysis with acid, 
Compound IV releases ammonia, and this property proved 
suitable for its determination. 

The formation of “260 compound,” free ammonia, and 
unidentified carbonyl compounds was studied in growing cul- 
tures of IA. The amount of carbonyl compounds present 
increased during the first 50 hours of incubation, probably due 
to accumulation of isopyridoxal (Fig. 5), then decreased to low 
levels during the time when, as revealed by paper chromatog- 
raphy, isopyridoxal decreased and pyridoxic acid, its lactone, 
and ‘260 compound” increased. With longer incubation, 
additional carbonyl compounds, still unidentified, appeared. 
Free ammonia began to appear relatively early, as did the “260 
compound”; however, formation of the latter became maximal 
somewhat later in the growth cycle. 

Preparation of C'*-labeled “260 Compound” and Isolation of 
C40.—To facilitate elucidation of its structure, “260 compound,” 
labeled with C", was isolated from cultures grown on pyridoxine- 
2-C“%. A 1-1. culture was grown in the usual way for 5 days 
until chromatographic and spectral examination showed that 
“260 compound” predominated in the supernatant liquid. No 
precautions were taken during this period to trap evolved COy. 
Cells were removed by centrifugation, and the cell-free super- 
natant liquid was acidified and aerated to remove carbon dioxide, 
which was collected as barium carbonate. 86 per cent of the C™ 
initially added was present in the culture after 5 days (Table IV). 
The remaining 14 per cent probably was lost as C“O.. Of the 
radioactivity remaining after 5 days, about two-thirds was 
present in the cells, and one-third in the supernatant liquid. 
Approximately one-sevent:, of the activity in the supernatant 
liquid was due to C“Os». 

The CO.-free supernatant liquid was concentrated and 
fractionated by passage through a Dowex 1-formate column. 
Fraction A contained 13.5; Fractions B and C, 22.0; Fraction D, 
3.1; and Fraction E, 59.2 per cent of the added activity for an 
over-all recovery of 97.8 per cent of the activity added to the 
column. Lyophilization of Fraction E yielded 45 mg. of C™- 
labeled ‘260 compound.”’ 

DISCUSSION 

When soil organisms selected for their ability to utilize pyri- 
doxine as a sole source of carbon and nitrogen are grown on this 
substrate, oxidation proceeds by primary attack on the 5- 
hydroxymethyl group to yield isopyridoxal, 5-pyridoxie acid 
and its lactone, “260 compound,” carbon dioxide, and ammonia, 
all of which, under appropriate conditions, accumulate in the 
medium. Both time studies and the oxidation level of these 
various products indicate their sequential formation as follows: 
pyridoxine — isopyridoxal — 5-pyridoxic acid or its lac- 
tone — ? — “260 compound” — — — — CO, + NH;. The 
contrast with the pathway of pyridoxine oxidation in animals, 
where oxidation proceeds by initial attack upon the 4-hydroxy- 
methyl group with the successive formation of pyridoxal and 
4-pyridoxic acid (2, 3), is striking. 

Although isopyridoxal and 5-pyridoxic acid and its lactone 
have been synthesized previously (12, 13) and examined for 
biological activity (14), they have not been demonstrated 
previously to be naturally occurring biochemical intermediates. 
Isopyridoxal, like pyridoxine, possesses vitamin Bg activity for 
some organisms but not for others and may thus be considered 
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Fig. 5. Formation of ammonia, carbonyl compounds, and ‘260 


compound” in growing cultures of IA. Culture IA was grown in 
basal medium plus 0.2 per cent pyridoxine. At appropriate times, 
aliquots were removed aseptically for determination of cell yields. 
After centrifugation, aliquots of the supernatant liquid were 
analyzed. Ammonia was determined by distillation and nessleri- 
zation (20), before and after hydrolysis for 30 minutes at 100° in 
N H,SO,. The difference between the values after and before 
hydrolysis was attributed to “260 compound.’’ Carbonyl com- 
pounds were estimated by the total keto acid procedure of Friede- 
mann and Haugen (21). 


TaBLe IV 
Distribution and recovery of radioactivity in Culture IA 
grown on pyridozine-2-C" 
Samples were plated on stainless steel planchets and counted 
with a Nuclear-Chicago automatic scaler. 


Activity Recovery 
c.p.m. X 107% | % / 
Complete culture, at 0 time 7.42 100 
Complete culture, 5 days 6.43 86 
Cells 4.39 59 
CO:-free supernatant liquid 1.72 23 
CO. 0.32 4 


a new naturally occurring member of the vitamin Bs complex. 
To exhibit such activity it must, of course, be transformed 
in vivo to pyridoxal phosphate, and the limited data available 
indicate that this must occur by preliminary reduction to 
pyridoxine. This must occur rather efficiently in yeast, but not 
as efficiently in rats. Inactivity of isopyridoxal in supporting 
growth of lactic acid bacteria, for which pyridoxine also is 
inactive, is in accord with these considerations. The extent to 
which isopyridoxal occurs naturally is unknown, but is probably 
negligible in most products, where pyridoxal and pyridoxamine 
comprise most of the vitamin B, present (22). To this extent, 
however, bioassays for vitamin Bs, with yeast would be high as 
compared with bioassays with rats. For this reason, the 
activity of the product in other animal species needs to be 
determined. 


SUMMARY 


11 different microorganisms capable of growing upon one or 
more forms of vitamin Bg as the sole or principal source of carbon 
and nitrogen have been isolated from soil by the enrichment 
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culture technique. The oxidation of pyridoxine by growing 
cultures of one of these organisms results in the accumulation of 
carbon dioxide, ammonia, and at least four additional metab- 
olites. Methods for detection and isolation of each of these 
metabolites are described. Three of the metabolites have been 
identified as isopyridoxal, 5-pyridoxic acid, and 5-pyridoxic acid 
lactone, and were not previously known to occur in nature. 
The structure of a fourth, the “260 compound”’ is reported in 
another paper (19). Chromatographic time sequence studies 
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indicate formation of these products in the order: pyridoxine = 
isopyridoxal — 5-pyridoxic acid or lactone — “260 compound” 
a Se CoO, 4 NHs. 
activity approaching that of pyridoxal for yeast, but is much 


Isopyridoxal has growth-promoting 


less active than pyridoxal in rats, and is inactive for lactic acid 
bacteria. Unlike pyridoxal, isopyridoxal does not catalyze the 
dehydration of serine, the desulfhydration of cysteine, or the 
nonenzymatic transamination of amino acids with keto acids. 
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II. STRUCTURE OF “260 COMPOUND’* 


Mryosai Ikawa, Vicror W. Ropwe.i,t AND Esmonp E. SNELL 


From the Department of Biochemistry, University of California, Berkeley, California 


(Reéeived for publication, June 16, 1958) 


In a preceding paper (1) isolation of several microorganisms 
that grow with pyridoxine, pyridoxamine, or pyridoxal as sole 
sources of carbon and nitrogen was described. When pyridoxine 
served this role for one such species of Pseudomonas, isopyridoxal, 
5-pyridoxic acid and its lactone, carbon dioxide, ammonia, and 
an unidentified substance designated as Compound IV or ‘260 
compound” were isolated as metabolic products. The present 
paper describes structural studies leading to identification of 
“260 compound” as a-hydroxymethyl-a’-(N-acetylaminometh- 
ylene)-succinic acid. 


EXPERIMENTAL 


Purification of Compound IV—Crude “260 compound,” ob- 
tained by lyophilization of Fraction E from the Dowex 1-formate 
column (1), was suspended in ethyl acetate. Absolute ethanol 
was added dropwise to the heated suspension until solution oc- 
curred. The mixture was then filtered, cooled, and n-hexane 
was added until a slight turbidity resulted. After the mixture 
was allowed to stand at 5°, colorless crystals of the purified 
compound decomposing at 152-153° (corrected) were obtained. 


CHO. 
C 44.24, 
C 44.30, 


Calculated: H 5.11, 


H 5.20, 


N 6.45 


Found: N 6.49 


It was later found sufficient to dissolve the crude material in 
absolute ethanol, filter off any insoluble matter, concentrate the 
filtrate, and triturate the resulting sirup with ethyl acetate to 
effect crystallization. 


Properties of Compound IV 


1. Qualitative Tests—Compound IV did not react with diazo- 
tized sulfanilic acid or with dichloroquinonechlorimide, and gave 
no color with ferric chloride. The 3-hydroxypyridine ring with 
an unsubstituted 6 position characteristic of pyridoxine and its 
previously isolated metabolites must, therefore, be lacking in 
this compound. The compound also gave negative tests for 
carbonyl groups (dinitrophenylhydrazine test) and glycols 
(periodate test) and did not react with ninhydrin. It was oxi- 
dized readily by alkaline permanganate and by bromine water, 
and less readily by hydrogen peroxide. Compound IV was de- 
stroyed rapidly by acid hydrolysis as discussed further below. 

2. Optical Properties and Acid-Base Behavior—Compound IV 


* Supported in part by a grant from the United States Public 
Health Service. 

+ Postdoctoral Fellow of the United States Public Health Serv- 
ice. 


is optically active, [a]» +76° (1.95 per cent in water), +78° 
(1.95 per cent in sulfuric acid, pH 2.0), and —19° (1.95 per cent 
in NaOH, pH 11.0). The specific rotation in acid did not 
change when a solution of the compound was made alkaline with 
NaOH, then reacidified with sulfuric acid. 

The ultraviolet absorption maxima of Compound IV in vari- 
ous solvents were: 265 mu (€ = 2.1 X 10‘) in 0.1 N HCl; 262.5 
my (€ = 1.7 X 10*) in 0.1 m phosphate buffer, pH 7.0; 266 mu 
(e = 1.6 X 10‘) in 0.1 N NaOH; 266 my (e = 1.8 x 10°) in 95 
per cent ethanol. 

Titration of Compound IV with sodium hydroxide gave an 
equivalent weight of 109, thus indicating the presence of two 
acidic groups per formula weight of 217. The titration curve 
with tetraethylammonium hydroxide as titrating agent showed 
two inflection points corresponding to pK, values of 3.9 and 5.5. 
Similar titrations in various concentrations of N ,N-dimethy]- 
formamide showed an increase in both pK values with increas- 
ing dimethylformamide (Fig. 1) characteristic of dissociating 
groups of the type RH — R- + H* (2). Together with the 
negative test for enolic groups, this result indicated that acidity 
was attributable to the presence of two carboxyl groups per 
mole of compound. A plot of the extinction coefficient of the 
compound at 262 my against pH revealed only a single inflection 
point, corresponding to a pK of 5.4. This suggests that one of 
the two carboxyl groups is in conjugation with the chromophoric 
group of the molecule. 


Products of Acid Hydrolysis 


Compound IV was readily hydrolyzed by acid (Fig. 2) with 
the formation of 1 mole each of acetic acid, ammonia, and carbon 
dioxide per mole of compound that was hydrolyzed. Two differ- 
ent nonvolatile acids were also formed. Basic hydrolysis pro- 
ceeded much more slowly (Fig. 2). The products of acid hy- 
drolysis were determined as follows. 

1. Ammonia—The compound (0.5 mg.) was hydrolyzed for 1 
hour at 100° in 2 ml. of n sulfuric acid. The hydrolysate was 
made strongly basic with sodium hydroxide and aerated into 0.05 
nN HCl. Direct nesslerization (3) showed formation of 0.77 mole 
of ammonia per mole of Compound IV that was hydrolyzed. 

2. Acetic Acid—A similar hydrolysate was prepared in a sealed 
tube, which was then cooled and opened. The contents were 
transferred to a Markham still (4) with a small amount of 6 N 
sulfuric acid and distilled with steam. After brief aeration with 
CO,--free air, the distillate was titrated and showed the presence 
of 0.79 mole of volatile acid per mole of Compound IV that was 
hydrolyzed. The neutralized distillate was evaporated to dry- 
ness and chromatographed on paper with n-butanol-concentrated 
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MOLE FRACTION DIMETHYLFORMAMIDE 


Fic. 1, Variation in pK, values of Compound IV with the sol- 
vent. To 1 ml. of water containing 1.0 mg. of ‘‘260 compound”’ 
were added z ml. of water and (9 — z) ml. of dimethylformamide. 
The samples were titrated with 0.161 m tetraethylammonium hy- 
droxide in water. An automatic recording pH meter was used 
and the pK, values were calculated from the titration curves 
obtained. 
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MINUTES AT 100° 


Fia. 2. Hydrolysis of ‘260 compound.”’ 1.0 ml. of a solution 
containing 0.5 mg. of ‘‘260 compound” and 1.0 ml. of 2 N or 0.2 N 
sulfuric acid or potassium hydroxide were mixed and heated at 
100°. Samples were removed at the indicated times, diluted ap- 
propriately in 0.1 M potassium phosphate buffer, pH 7.0, and the 
optical densities at 260 my were recorded. Per cent hydrolysis 
was calculated directly from the decrease in optical density. 
Oo——O, n H.8SO,; @——@, 0.1 n H.SO,; A——A, n KOH; 
A——A, 0.1 n KOH. 


ammonium hydroxide-water (10:1:10) and n-propanol-concen- 
trated ammonium hydroxide (7:3) as solvents. A single zone 
corresponding exactly to an acetate control was obtained, which 
also gave the lanthanum nitrate test (5) for acetate. The only 
other volatile acid of similar Ry value is formate, which was 
excluded by the specific tetrahydrofolic acid formylase assay for 
formic acid (6).! 

Isolation of acetate was repeated by the above procedure from 


1 We are indebted to Dr. J. C. Rabinowitz for this determina- 
tion. 
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Fic. 3. Paper chromatographic behavior of the nonvolatile 
acids resulting from acid hydrolysis of ‘‘260 compound.”’ Solvent 
system: upper phase of n-butanol:formic acid:water (10:2:15) 
after prolonged equilibration. Spray: pH 7 bromeresol green 
(yellow spots against a blue-green background). 


a 3.0-mg. sample of radioactive “260 compound”’ isolated from 
a culture of Pseudomonas sp. 1A grown with pyridoxine-2-C" (1). 
The distillate was collected in dilute barium hydroxide. Of the 
original 1000 ¢.p.m. of Compound IV hydrolyzed, 960 ¢.p.m. 
were recovered in the soluble fraction; there was no radioactivity 
in the precipitated barium carbonate. 

3. Carbon Dioxide—Compound IV (85 mg.) was dissolved in 
5 ml. of 1 Nn HCl in a test tube fitted so that a stream of CO.- 
free air could be drawn successively through the hydrolysis mix- 
ture and a solution of barium hydroxide. The solution was 
heated for 1 hour at 100° and the precipitated BaCO; filtered 
and dried. It weighed 71.8 mg., corresponding to 0.93 mole of 
carbon dioxide per mole of original compound. 

4. Nonvolatile Acids—The chromatographic behavior of the 
nonvolatile fraction from hydrolysis of Compound IV is shown 
in Fig. 3. Two major acidic products were present. Elution 
of each of these zones from paper followed by separate treatment 
with hydrochloric acid and rechromatography, showed that the 
two acids were interconvertible (Fig. 3). 


Structure of ‘260 Compound”’ 


Although many structures derived from pyridoxine and corre- 
sponding to the formula CsH,O.N can be written, only two ac- 
count satisfactorily for the properties of Compound IV discussed 
above. These are structures III and IV, which differ only in 
the position of a double bond. These may be derived formally 
from pyridoxine (I) via 5-pyridoxic acid (II), the most highly 
oxidized of the intermediate products in the bacterial degrada- 
tion of pyridoxine thus far identified, by addition of water and 
oxidative rupture between positions 2 and 3. Both explain 
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satisfactorily the observed loss of enolic groups and of the ability 
to condense with diazotized sulfanilic acid and dichloroquinone- 
chlorimide, and they account also for the optical activity and 
the titration data. They also explain the origin of acetic acid 
upon hydrolysis, and the appearance of carbon atom 2 of pyridox- 
ine in the acetic acid formed. Both III and IV would lose am- 
monia after release of the acetyl group by hydrolysis. The other 
anticipated product of this hydrolysis, V, is a B-carbony] carbox- 
ylie acid, and would decarboxylate to yield a nonvolatile acid, 
VI. This formulation predicts that the interconvertible non- 
volatile acids observed as products of hydrolysis of ‘260 com- 
pound” should be VI and its internal hemiacetal, VII. 

Oxidation of VI and VII should yield the known compounds, 
itamalic acid (VIII) and its lactone, paraconic acid (IX), and 
these compounds should be optically active. The acid hydrol- 
ysate from 5 mg. of “260 compound” in 0.5 ml. of water was 
treated with 1 ml. of 30 per cent hydrogen peroxide at room 
temperature for 24 hours and the mixture evaporated to dryness 
in a vacuum. The paper chromatographic behavior of the 
oxidation product is identical with that of authentic paraconic 
acid (Fig. 4). The latter was prepared through the sequence of 
reactions: itaconic acid — itachloropyrotartaric acid (7) — 
paraconic acid (8). 

The formation of paraconic acid was confirmed through its 
isolation and infrared spectrum. The hydrolysate from 100 mg. 
of ‘260 compound” was dissolved in 5 ml. of water. 1 ml. of 
bromine was added and the mixture was allowed to stand at 
room temperature for 24 hours. The mixture was then evapo- 
rated to dryness in a vacuum, and the residue was dissolved in 
a minimum of water and applied as a line on thick Whatman 3 
mm. paper. The chromatogram was developed in butanol- 
formic acid-water (10:2:15) and the major acidic zone was cut 
out of the sheet and eluted with water. The eluate was evapo- 
rated to dryness in a vacuum to yield a sirup (35 mg., 58 per 
cent of theory, [a]p +36.5° (concentration = 1.55 per cent in 
water)) which chromatographed as paraconic acid, and pos- 
sessed the same infrared spectrum as synthetic pL-paraconic acid 
(Table I). 

Reduction of “260 Compound” and Hydrolysis of Reduced Com- 


pound —Hydrogenation of III or IV should result in uptake of 
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Fic. 4. Comparison of the hydrogen peroxide oxidation prod- 
ucts of hydrochloric acid-hydrolyzed “260 compound” with para- 
conic acid. Spray: pH 7 bromeresol green (yellow spots against 
a blue-green background). The lower spot (A) is given by ita- 
malic acid, the unlactonized form of paraconic acid; B is paraconic 
acid itself. 





TABLE I 
Comparison of infrared spectrum of acid obtained from oxidation 
of hydrolyzed ‘‘260 compound”’ with that of synthetic 


DL-paraconic acid* 





Absorption maxima, mu 
Synthetic pi-paraconic acid Oxidation product 


3.43 3.4 


5.8-5.9 5.8-6.4 
7.3 7.3 
8.6 8.6 
9.3 9.3 
9.75 
9.8-10.0 

10.0 

11.03 11.0 
11.9 11.9 
12.4 12.3 
15.1 15.0 


* The samples were made into potassium bromide pellets at a 
concentration of 1.5 per cent and examined in a Baird-Atomic 
model 4-55, double-beam, infrared recording spectrophotometer. 
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Fig. 5. Paper chromatographic behavior of hydrogenated ‘‘260 
compound”’ and its hydrolysis products. Zone A is given by 
‘260 compound.’’ Zones B and C are the two spots given by 
reduced ‘‘260 compound’’; B is acidic but ninhydrin-negative and 
has not been identified, and C corresponds to structure X in the 
text, since on hydrolysis it gives rise to the acidic ninhydrin- 
reacting zone D (XI and XII in text). Zone FE corresponds to 
the lactone XII and Zone F to the unlactonized form XI. For 
further explanation, see text. 


1 mole of hydrogen with formation of an acetylamino acid, X. 
When 38 mg. of ‘260 compound” were dissolved in 25 ml. of 
glacial scetic acid and hydrogenated in the presence of reduced 
platinum oxide at 25° and atmospheric pressure, the hydrogen 
uptake corresponded to 1.13 moles per mole of compound. The 
mixture was filtered and evaporated to dryness to give a sirup 
that could not be crystallized. 

Samples of the sirup were hydrolyzed in 1 N sulfuric or hydro- 
chlorie acid at 100° for 1 hour. Acetic acid, but no ammonia or 
CO:, was liberated during hydrolysis. Excess sulfuric acid was 
removed by careful neutralization with barium hydroxide, and 
HCl by evaporation to dryness in a vacuum over KOH. Both 
hydrolysates contained a ninhydrin-reactive, acidic substance 
which was not an a-amino acid as judged by its behavior toward 
pyridoxal (9). ‘Two such zones were present in the sulfuric acid 
hydrolysate; these proved to be interconvertible (Fig. 5). The 
more slowly moving substance (F, Fig. 5) gave a purple color 
with ninhydrin whereas the faster moving compound, E, gave a 
yellow-brown color which changed very slowly to purple. F 
was transformed to E by treatment with HCl and evaporation 
to dryness; EF could be transformed to a mixture of E and F by 
sulfuric acid treatment, as described earlier. This behavior to- 
ward ninhydrin and acid was analogous to that exhibited by 
homoserine and its y-lactone. The data are consistent, there- 
fore, with the supposition that the two substances formed by 
acid hydrolysis of reduced “260 compound,”’ X, are the B-amino- 
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y-hydroxy acid, XI, and its y-lactone, XII. The behavior of 
the “260 compound” toward reduction and hydrolysis is thus 
exactly that expected of a compound of structure III or IV. 


H CH20H 4. CH20H 
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The infrared spectrum of ‘260 compound” showed absorption 
maxima in the 12 to 14 uw region that are characteristic of carbon- 
carbon double bonds, and are not given by compounds so far 
studied that contain the carbon-nitrogen double bond. These 
maxima were not present in reduced ‘260 compound.” Struc- 
ture IV seems preferable to structure III on this basis and also 
because of the apparent close association of one ionizing group 
with the chromophoric center of the molecule, referred to earlier. 

On the basis of all of these considerations, “260 compound” 
is considered best represented by the structure a-hydroxymethyl- 
a’-(N-acetylaminomethylene)-succinic acid, IV, for which we have 
adopted the trivial name, pyriconic acid. 


DISCUSSION 


Behrman and Stanier (10), in their investigation of the degra- 
dation of nicotinic acid by a soil pseudomonad, showed that this 
substance was converted to a 3-hydroxypyridine before oxidative 
cleavage of the ring between carbon atoms 2 and 3. The soil 
pseudomonad investigated here opens the pyridine ring of 
pyridoxine in an analogous fashion after first oxidizing this com- 
pound to 5-pyridoxic acid (1). Similarity of the two pathways 
is largely restricted to this point, however. 

Although Compound IV should exist in cis and trans modifi- 
cations, only a single isomer appears to accumulate in culture 
media under conditions so far examined, and its stereochemistry 
has not been examined. Whether the compound is a true inter- 
mediate in the oxidation of pyridoxine to carbon dioxide and 
water, or whether it is a stabilized derivative of such an inter- 
mediate is not known. Although Compound IV is not oxidized 
by resting celis of the organism that produces it, preliminary data 
indicate that it is further metabolized by appropriately prepared 
extracts of such cells. 


SUMMARY 


Experiments bearing on the structure of pyriconic acid, LV, a 
product formed during oxidation of pyridoxine by a soil pseu- 
domonad, are described. The compound is an optically active 
dicarboxylic acid, CsHuOsN which lacks the enolic hydroxyl 
group of pyridoxine and yields, upon hydrolysis, acetic acid, 
ammonia, carbon dioxide, and a nonvolatile acid that exists in 
two isomeric and interconvertible modifications and is oxidized 
by hydrogen peroxide or bromine water to (+)-paraconic acid. 
The parent structure contains a carbon-carbon double bond. and 
consumes 1 mole of hydrogen upon catalytic reduction. 

These facts establish its structure as a-hydroxymethyl-a’- 
(N-acetylaminomethylene)-succinic acid, IV. Consistent with 
this formula is the formation of an acetylamino acid by catalytic 
reduction with hydrogen. 

The pathway of degradation of pyridoxine by this soil organism 
thus includes the following steps (cf. (1)): 
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It is known from previous work that the mechanism of syn- 
thesis of carbamyl phosphate by mammalian (1, 2) and frog 
(3) liver is different from that of bacteria (4). The former 
process is characterized by the equation: 


2 ATP + NH; + CO, 4S. 2 ADP + CP + P; 
whereas the latter has been formulated as: 
ATP + NH; + CO. @ ADP + CP 


The most noteworthy contrasts between the two reactions are 
the requirement for catalytic amounts of an appropriate de- 
rivative of glutamic acid in the case of the liver system, and the 
difference in stoichiometry with respect to nucleotides. As 
predicted from thermodynamics the bacterial system is freely 
reversible; the liver system is not. 

In this paper, evidence will be presented that the equation 
given above for the liver system represents the sum of two or 
more separable reactions, perhaps representing various aspects 
of the same enzyme. 


EXPERIMENTAL 


ADP and ATP were purchased from the Sigma Chemical 
Company. t-Ornithine hydrochloride, obtained from the 
Schwartz Chemical Company, was dissolved in water and treated 
with barium hydroxide to remove a cuntaminant of P;. The 
suspension was filtered to remove barium phosphate, and suffi- 
cient sulfuric acid was added to remove excess barium. The 
solution was treated with norite, and the ornithine hydrochlo- 
ride was precipitated with ethanol (5). 

Carbamyl phosphate labeled with P® was synthesized as the 
diammonium salt by a small scale adaptation of the method of 
Metzenberg et al? Phosphoenolpyruvate was prepared as 
described by Lohmann and Meyerhof (6), and crystalline pyru- 
vate kinase was prepared by the method of Biicher and Pfleiderer 
(7). Ornithine transcarbamylase was prepared by a method 
which has been described (8). 

Carbamyl] phosphate synthetase was prepared from frog liver, 


* This study was supported in part by grants from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service (No. C-3571); and the Wisconsin Alumni 
Research Foundation. 

t Fellow of the American Cancer Society. 

1The abbreviations used are: Pi, inorganic phosphate; CP, 
carbamyl phosphate; AGA, N-acetyl glutamic acid; Tris, tris- 
(hydroxymethyl)aminomethane. 

2 R. L. Metzenberg, M. Marshall, and P. P. Cohen, to be pub- 
lished. 


as previously described (3). The enzyme was not subjected 
to the final stage of purification (chromatography on DEAE- 
cellulose (9)). The eluate from the phosphocellulose column 
was stored in 3.0 m ammonium sulfate solution at Dry-Ice 
temperature. Before use, the preparation was thawed and 
centrifuged at 10,000 x g for 20 minutes. The packed pre- 
cipitate was dissolved in 0.025 m Tris buffer (pH 7.5) containing 
MgCl, (0.005 m) unless otherwise noted, and dialyzed at 0-4° 
for 4 or more hours against two changes of buffer of the above 
composition. It was found that the removal of ammonium ions 
from the enzyme preparation could be expedited by resuspension 
of the precipitate in lithium sulfate solution (2.7 m) at 0° and 
separation by centrifugation. The resulting precipitate was 
dissolved and dialyzed as above. The latter procedure was 
used interchangeably with the former. For experiments in 
which the presence of the ammonium ion was not undesirable, 
the dialysis step was omitted. 

Hexokinase was prepared essentially as described by Darrow 
and Colowick® and was carried through the ammonium sulfate 
precipitation after bentonite treatment. The preparation at 
this stage still contained appreciable amounts of ornithine 
transcarbamylase (8) and carbamate kinase. The hexokinase 
was then dissolved in 10 ml. of 0.005 m sodium succinate buffer 
(pH 6.0) and dialyzed against this buffer for 3.5 hours at 4°. 
The preparation was placed on a column (1 X 10 cm.) of phos- 
phocellulose (9) equilibrated with the same buffer. An addi- 
tional 10 ml. of this buffer was allowed to run through the column. 
The eluate and washing, containing all of the hexokinase which 
had been placed on the column, were diluted with 20 ml. of 
0.02 m Tris buffer (pH 7.5) containing MgCl. (0.005 m). The 
solution was added to a column (2 < 10 cm.) of DEAE-cellulose 
(9) equilibrated with the latter buffer. The eluate, which con- 
tained no activity, was discarded. The column was treated 
with 60 ml. of the above buffer to which NaCl had been added 
to give a concentration of 0.079 m, and the eluate was discarded. 
Then 70 ml. of a solution of the above buffer containing NaC! 
(0.15 m) was added at the top of the column. The first 20 ml. 
of eluate contained no hexokinase and were discarded. The 
next 30 ml. contained 70 per cent of the activity which had 
been placed on the column and had a specific activity of 315, 
which is essentially that reported by Darrow and Colowick* 
for recrystallized hexokinase. The last 20 ml. of eluate, con- 
taining 20 per cent of the activity, had a specific activity of 228 

3’ The authors are indebted to Dr. Darrow and Dr. Colowick 


for making their method available for this study before its publi- 
cation. 
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and were discarded. Solid ammonium sulfate was added to 
the purified hexokinase to give a concentration of 2.81 m, and 
the preparation was centrifuged at 10,000 x g for 20 minutes. 
The precipitate was resuspended in 17 ml. of 3.0 m ammonium 
sulfate solution and stored at 0-4°. No ornithine transcarbam- 
ylase or carbamate kinase could be detected in the final prep- 
aration. When the presence of ammonium ions was to be 
avoided, the enzyme was dialyzed in the manner noted for 
carbamyl phosphate synthetase. 

Glucose-6-P dehydrogenase was prepared in the following 
manner. 200 gm. of bakers’ yeast dried according to the direc- 
tions of Darrow and Colowick* were autolyzed as described by 
Glaser and Brown (10). All subsequent steps were conducted 
at 0-4°. The autolysate was centrifuged at 78,000 x g for 15 
minutes. The supernatant solution, containing 570 units (11) 
of the enzyme, had a specific activity of 0.12. The extract was 
adjusted to pH 4.5 by addition of 1.0 N acetic acid and centri- 
fuged as above. The inactive precipitate was discarded. Solid 
ammonium sulfate was added to the supernatant solution to give 
a concentration of 2.0m. The preparation was again subjected 
to centrifugation, and the residue, which contained no activity, 
was discarded. Solid ammonium sulfate was added to the 
supernatant solution to a concentration of 2.8 m, and the pre- 
cipitate, containing 320 units of the enzyme, was recovered and 
dissolved in 20 ml. of 0.02 m Tris buffer (pH 7.5). Sodium 
bicarbonate solution (1.0 M) was added to bring the pH to 
approximately 7.0. The solution was dialyzed for 3 hours 
against the Tris buffer of the composition mentioned above, and 
it was then diluted with 3 volumes of 0.02 m Tris buffer (pH 7.5) 
containing 0.005 m MgCl.. The solution was added to a column 
(2 x 20 em.) of DEAE-cellulose. The column was washed 
with 50 ml. of 0.02 m Tris buffer (pH 7.5), and the washings 
were discarded. 50 ml. of the latter buffer containing MgCl. 
(0.005 m) and NaCl (0.075 m) were added to the column, and 
the inactive eluate was discarded. The column was then 
treated with 150 ml. of the latter buffer containing NaCl (0.15 m). 
The first 50 ml. of eluate, which contained no activity, were 
discarded. The second 50 ml. of eluate contained 220 units 
of the enzyme and had a specific activity of 1.65. The last 
50 ml. of eluate, containing 30 units, had a specific activity of 
0.90 and were discarded. Solid ammonium sulfate was added 
to the second eluate to give a concentration of 2.8 m, and the 
preparation was centrifuged as before. The inactive precipitate 
was discarded, and solid ammonium sulfate was added to the 
supernatant solution to make the final concentration 3.9 M. 
The preparation was again centrifuged, and the residue, con- 
taining 212 units, was dissolved in 10 ml. of 0.005 m succinate 
buffer (pH 6.0). The solution was dialyzed for 3 hours against 
the latter buffer, then diluted with 3 volumes of this buffer, and 
applied to a column (1 X 10cm.) of phosphocellulose equilibrated 
with the latter buffer. The column was washed with 5 ml. of 
this buffer, and the washings were discarded. 10 ml. of 0.1 m 
succinate buffer (pH 6.0) were added to the column, and the 
eluate was discarded. The column was then treated with 10 
ml. of the above buffer containing NaCl (1.0 m). The first 5 
ml. and second 5 ml. of eluate each contained 94 units of the 
enzyme and had specific activities of 23 and 40, representing 
190-fold and 330-fold purification, respectively, from the origi- 
nal autolysate. Both fractions gave the theoretical amount of 
TPNH from a known amount of glucose-6-P, showing the 
absence of 6-phosphogluconic acid dehydrogenase. No TPNH 
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reoxidation occurred, even with prolonged incubation. Material 
purified only through the DEAE-cellulose stage of fractionation 
was unsatisfactory in one or both of the above respects, as was 
enzyme prepared by the method of Kornberg and Horecker 
(11). The purified enzyme was stored as a frozen solution, and 
was found to be stable for at least 2 months under these condi- 
tions. 

Protein was measured as described by Lowry et al. (12). 
Inorganic phosphate was determined by the method of Dryer 
et al. (13), and citrulline was estimated by a modification of the 
method of Archibald (14). 

RESULTS 

The synthesis of carbamy] phosphate was studied by coupling 
the latter reaction with the ornithine transcarbamylase reaction. 
An excess of ornithine and ornithine transcarbamylase was 
included in the incubation system, which resulted in conversion 
of the carbamyl phosphate to citrulline and P;. Under these 
conditions, the ratio of P; liberation to citrulline production 
normally has a value of 2 (2, 3). 

Activation of Carbamyl Phosphate Synthetase by Various Di- 
valent Cations—The requirement of frog liver carbamyl phos- 
phate synthetase for a divalent cation can be satisfied by Mg**, 
Mn**, Co**, and to a very limited extent, by Ni** ions. Mag- 
nesium chloride was omitted from the buffer that was used to 
dissolve and dialyze the enzyme of this experiment. Analyses 
for citrulline production and P; release are presented in Table I. 
The values show that the ratio of P; to citrulline in the case of 
Mn** activation is essentially 2, as previously reported for 
Mg**+ (2, 3). The analytical values for both citrulline and P, 
in the case of Ni+* activation are too low for the ratio to be of 
quantitative significance. On the other hand, the ratio found 
in the instance of Co** activation is clearly greater than 2. 

Effect of Concentration of Cobalt Ions on P; to Citrulline Ratio 
—In view of the “anomalous” ratio obtained with cobalt as 
activator, the effect of concentration of cobalt upon this ratio 
was investigated. In the following experiment, an ATP-re- 
generating system was used to insure a constant concentration 
of the latter during the incubation. The results are shown in 
Table II. It can be seen that as the concentration of cobalt 
ion is increased, the synthesis of citrulline is strongly inhibited, 
whereas the release of phosphate is only moderately decreased. 


TABLE I 
Activation of carbamyl phosphate synthetase by various divalent 
cations* 
Addition = Pj released ies. 
ned gmeles pmoles | hate 
MgSO,, 15 umoles 1.26 2.58 2.06 
MnS0O,, 5 umoles. . 1.13 2.22 1.97 
Co(NOs;)2, 5 umoles..... 0.760 1.87 2.46 
NiCl., 5 wmoles...... 0.032 0.08 2.5 








* Each tube contained: ATP, 5 wmoles; NH,HCO;, 50 umoles; 
AGA, 5 umoles; L-ornithine, 5 ymoles; sodium glycylglycine buf- 
fer, pH 7.5, 50 umoles; Mg**-free carbamy! phosphate synthetase, 
approximately 1.5 units (3); and ornithine transcarbamylase, 10 
units (8); final volume, 1.0 ml. The tubes were incubated for 15 
minutes at 37° and were deproteinized with 1.0 ml. of 1.00 n 
HCl0,. Aliquots were withdrawn for analyses of citrulline and 
Pi. 
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TaB_e II 
Effect of concentration of cobalt ions* 

















Co(NOs): added | Citrulline formed | Pj released ee 
pmoles pmoles pmoles 
1.0 0.148 0.354 2.40 
2.5 0.363 1.000 2.75 
5.0 0.252 0.948 3.76 
7.5 0.157 0.814 5.18 
10.0 0.100 0.690 6.9 





* Each tube contained: ATP, 1.0 umole; phosphoenolpyruvate, 
5 umoles; and pyruvate kinase, 20 wg. All other components of 
the system and the methods used were as described in the footnote 
to Table I. 


TaBLeE III 
Release of P; in absence of added ammonium ion* 




















Addition Omission | P; released | Cittulline |Pj to citrul- 
pmoles pmoles 

MnSO,, 5 wmoles........| AGA 0.052 

MnS0O,, 5 wmoles........| NaHCO;| 0.405 0.098 4.1 
MnSO,, 5 umoles........| None 1.575 0.099 15.9 
MgS0O,, 5 umoles......... AGA 0.013 

MgSO,, 5 wmoles.........| NaHCO;) 0.148 | 0.092 | 1.6 
MgSO,, 5 umoles......... None | 0.529 | 0.093 5.7 





*The complete system contained: ATP, 5 wmoles; sodium 
glycylglycine buffer, pH 7.5, 50 wmoles; Mg**-free carbamyl 
phosphate synthetase, 6 units; ornithine transcarbamylase, 10 
units; L-ornithine, 5 ymoles; and KCl, 25 umoles; final volume, 
1.0 ml. Duplicate tubes were incubated for 30 minutes at 37°. 
The mixtures to be analyzed for P; were treated with 2 ml. of a 
5 per cent suspension of norite, which removed both the protein 
and the nucleotides. These tubes were centrifuged, and suitable 
aliquots of the supernatant solution were analyzed for P;. The 
mixtures to be assayed for citrulline were deproteinized and 
analyzed as described in the footnote to Table I. 


Thus, the synthesis of carbamyl phosphate may be partially 
dissociated from the utilization of ATP by the system. 

It was apparent that if ornithine transcarbamylase were in- 
hibited by cobalt ions, carbamyl phosphate might not be com- 
pletely converted to citrulline, and the resulting low values for 
citrulline could be an artifact. However, cobalt ions at the 
concentrations used were found to be without effect on ornithine 
transcarbamylase. 

Release of P; by Carbamyl Phosphate Synthetase in Absence of 
Added Ammonium Ions—In the presence of relatively large 
amounts of the synthetase, P; release can be observed in the 
absence of added ammonium ions, and this effect is strongly 
enhanced if the enzyme is activated by Mn*+ rather than Mgt+ 
ions. An experiment in which this phenomenon is demon- 
strated is presented in Table III. It can be noted that appreci- 
able P; is released in the absence of both bicarbonate and am- 
monium ions. This reflects the difficulty in removing these 
contaminants completely from the system, as shown by the 
fact that some citrulline is synthesized. When bicarbonate 
ions are added to the system, there is a large increase in the lib- 
eration of P; without any concomitant increase in citrulline 
synthesis. Thus, the P; to citrulline ratio may be greatly in- 
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creased, as in the case of activation of the system by Co*+, 
In view of the low values for both P; and citrulline in the case 
of the incubation in which Mg*+ was used as the activating ion 
and bicarbonate ions omitted, the ratio of 1.6 is not regarded as 
significantly different from 2. 

Release of P; by Carbamyl Phosphate Synthetase in Absence of 
Added Bicarbonate Ions—Although considerable care has been 
used to exclude CO, and bicarbonate ions from the reaction mix- 
tures, it has not been possible thus far to achieve a system in 
which no citrulline is produced in the absence of added bicarbo- 
nate ions. On addition of ammonium ions to such a system, 
there is an increase in the synthesis of citrulline which is paral- 
leled by an increased release of P;. No significant increase in 
the P; to citrulline ratio has been observed. The interpreta- 
tion, however, is somewhat obscured by the citrulline formation 
from the bicarbonate which is present. 

Partial Reversal of Carbamyl Phosphate Synthesis—In the 
presence of carbamy] phosphate synthetase, P-labeled carbamyl 
phosphate, ADP, and AGA, ATP synthesis can be demonstrated. 
In the experiment presented in Table IV, the reaction in ques- 
tion was coupled to the hexokinase reaction. After the initial 
incubation, during which glucose-6-P was formed, ornithine and 
ornithine transcarbamylase were added. A sufficient amount 
of the latter was used to convert all the carbamy] phosphate re- 
maining after the first incubation to citrulline within a period of 
6 seconds. By analysis of aliquots of the incubation mixture 
for citrulline, it was possible to determine how much carbamy] 
phosphate had disappeared during the first incubation. 











TABLE IV 
Partial reversal of carbamyl phosphate synthetase* 
| Glucose-6-P formed 
~: | | Enzymatic method Disappearance 
Omission | Radi Wea of carbamyl 
activity | phosphate 
inethod Teta Corrected 
myokinase 
a el moles | pmoles pmoles in pmoles “a 
Synthetase..........| 0.002 | 0.075 
AeA 0.038 0.46 (0.00) 0.075 
Wee ce re bk HES 1.04 | 1.59 1.13 1.25 














*The complete system contained: ADP, 5 umoles; sodium 
glycylglycine buffer, pH 7.5, 50 umoles; MgSO,, 15 wmoles; potas- 
sium phosphate buffer, pH 7.5, 5 umoles; AGA, 5 umoles; glucose, 
25 wmoles; diammonium carbamyl phosphate labeled with P* 
(71,500 counts per umole), 1.875 umoles; carbamyl phosphate 
synthetase, 20 units; and hexokinase, 30 yug.; final volume, 0.8 ml. 
The tubes were incubated for 15 minutes at 37°, and the reaction 
was stopped by immersing them in an ice bath. Ornithine trans- 
carbamylase (20 units) and L-ornithine (10 wmoles) in a volume 
of 0.2 ml. were added to each tube, and the reaction mixtures 
were incubated for an additional 5 minutes at 37°. The mixtures 
were deproteinized by adding 1.0 ml. of HC1O, (2.00 n), and the 
protein-free solutions were heated for 10 minutes at 100° to de- 
stroy any traces of labile phosphate esters which might be pres- 
ent. The heated solutions were neutralized with KHCO; solu- 
tion (1.0 m), cooled to 0°, and the precipitate of KClO, was 
removed by centrifugation. Suitable aliquots were removed 
for assay of glucose-6-P and citrulline. Analytical methods are 
presented in the text. 
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Two independent methods were used to measure glucose-6-P. 
In the first, P;** was removed from the heated, deproteinized 
incubation mixture by Lowenstein’s (15) modification of the 
method of Berenblum and Chain (16). The radioactivity not 
extractable into isobutanol is a measure of glucose-6-P. Ali- 
quots of the aqueous phase were counted by standard methods. 
From a knowledge of the specific activity of the labeled carbamyl 
phosphate used, the glucose-6-P could be estimated. The al- 
ternate method used was the enzymatic assay of Horecker and 
Wood (17). The presence of myokinase in the carbamyl phos- 
phate synthetase will give rise to ATP from the added ADP, 
and this compound will be nonradioactive. Thus a correction 
for myokinase activity is necessary in the case of the latter but 
not of the former method for determining glucose-6-P. The 
glucose-6-P synthesized in the absence of AGA was taken as 
the correction for myokinase activity, and this correction was 
applied to the enzymatically determined values for glucose-6-P. 
The tube from which carbamyl phosphate synthetase had been 
omitted was used as a blank in the spectrophotometric assay. 

It is apparent from the results presented in Table IV that 1 
equivalent of glucose-6-P, and, hence, ATP is produced from 
each equivalent of carbamyl phosphate which disappears. This 
cannot be a simple reversal of the equation presented at the 
beginning of this paper, because such a reversal would require 
that 2 equivalents of ATP be produced. Thus, this reversal 
must be regarded as a partial reaction. It will be noted that 
this partial reversal is dependent on the presence of AGA. 

In a separate experiment, it was found that hexokinase does 
not stimulate this partial reversal of the carbamyl phosphate 
synthetase reaction and that similar results are obtained whether 
the ATP is converted to glucose-6-P as it is formed, or is allowed 
to accumulate during the partial reversal reaction and is subse- 
quently analyzed via the hexokinase and glucose-6-P dehydro- 
genase system. Therefore, it seems unlikely that the partial 
reversal is a strongly endergonic reaction. However, the rate 
of the partial reaction is increased several-fold by using higher 
concentrations of carbamyl phosphate, viz. 0.02 m. 

Incorporation of P;* into ATP—The converse experiment to 
that reported above was performed, i.e. unlabeled carbamyl 
phosphate and P;* were used in the incubation system. Radio- 
activity not extractable by Berenblum-Chain reagent was meas- 
ured. A very small incorporation into ATP, and, hence, into 
glucose-6-P could be observed. This incorporation, which was 
less than 1 per cent of that observed with labeled carbamyl phos- 
phate, was near the borderline of detection by the method used. 
The effect is partially or completely dependent on the presence 
of AGA, although the AGA dependence has not been evaluated 
quantitatively because of the difficulty of obtaining precise data 
from the low levels of incorporation observed. Evidence has 
been presented by Spector et al. (18) that carbamyl phosphate 
in neutral and basic solutions is slowly converted to cyanate 
and P;. The cyanate thus formed would be available for re- 
combination with the P;* present in the reaction mixture. 
Therefore, the pool of unlabeled carbamyl phosphate would 
gradually become labeled via a purely nonenzymatic reaction, 
and the radioactivity would appear in glucose-6-P by the AGA- 
dependent partial reaction described above. We have found 
that this nonenzymatic reaction does occur, but whether this 
process accounts completely for the observed incorporation of 
P;® into glucose-6-P has not yet been ascertained. 
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DISCUSSION 


The experiments described above provide evidence for the 
existence of two partial reactions comprising the over-all car- 
bamyl phosphate synthetase reaction. In the case of activa- 
tion of the enzyme by cobalt ions at relatively high concentra- 
tions, P; is released without a parallel formation of carbamy] 
phosphate. This suggests that cobalt activates the first of two 
or more metal-requiring reactions but is inhibitory to a subse- 
quent step. Likewise, it has been noted that, in the absence of 
added ammonium ions, P; is released without a concomitant 
synthesis of carbamyl phosphate. These observations are con- 
sistent with the hypothesis that CO, is activated at the expense 
of ATP before the participation of ammonia in the reaction. 
This activation requires AGA. 

As a result of the following data, the synthesis of ATP from 
ADP and carbamyl phosphate is regarded as being only a par- 
tial reversal of the carbamyl phosphate synthetase reaction: 
(a) only 1 equivalent of ATP is synthesized for each equivalent 
of carbamyl] phosphate utilized, whereas a total reversal would 
result in the synthesis of 2 equivalents of ATP, and (6) P; is 
incorporated into ATP only to a very small extent compared 
to the incorporation from labeled carbamyl phosphate; if total 
reversal occurred, P; and carbamyl! phosphate should contribute 
equally to the ATP formed. 

The following sequence of partial reactions is in harmony 
with these findings. 

ATP + CO. 44, ADP + P; + “active CO.” 
ATP + “active COs” + NH: = ADP + CP 

Since the second step is freely reversible, whereas the over-all 
reaction is not, it is postulated that the first reaction is essentially 
irreversible. In the absence of evidence to the contrary, AGA 
has been assigned the role of a catalyst in both of the above par- 
tial reactions, because it is known to be required for both re- 
actions. However, it is quite possible that the substance desig- 
nated as “active CO.” may contain the elements of AGA. 

The question of whether the partial reactions outlined above 
are catalyzed by a single enzyme remains to be answered. Some 
evidence has been published as to the purity of the carbamyl 
phosphate synthetase from frog liver, and the enzyme has been 
found to be homogeneous by several criteria (3). However, the 
possibility cannot be excluded that two or more proteins of 
highly similar physical properties are present in the preparation. 

Acetylglutamyl phosphate would appear to fulfill the role of 
an intermediate. Grisolia and Towne (19) have reported that 
preincubation of a crude enzyme preparation supplemented with 
ATP, Mg**, and AGA results in greater citrulline synthesis 
after an incubation period at the start of which the additional 
necessary components of the system are added. These authors 
have concluded from the data of these experiments that acetyl- 
glutamyl phosphate is an intermediate which accumulates dur- 
ing the preincubation period. We have been able to confirm 
the preincubation effect with purified frog liver carbamyl phos- 
phate synthetase. However, the system is also stimulated, 
and to the same extent, when the enzyme is preincubated with 
AGA alone. The latter observation, thus, does not support 
the conclusion of Grisolia and Towne. Furthermore, previous 
studies involving phosphate exchange experiments by Marshall 
et al. (3) have led to the conclusion that acetylglutamyl phos- 
phate is not an intermediate. 
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SUMMARY 


1. Evidence is presented that CO, is activated in the carbamyl 


phosphate synthetase system before the participation of am- 
monia. 
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2. Carbamyl phosphate, but not inorganic phosphate, can 
participate in a partial reversal of the reaction catalyzed by 
carbamyl] phosphate synthetase. 

3. Formulations consistent with these partial reactions are 


presented. 
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A multiple enzyme system, particulate in nature, which 
catalyzes the oxidation of succinate and reduced diphospho- 
pyridine nucleotide may be obtained from heart muscle. It 
was first shown in 1949 (1) that this complex of enzymes is 
extremely rich in phosphatides. More recently, data have 
been presented (2) which indicate that the particles which con- 
tain these enzymes and lipides are derived from the mitochon- 
drial membrane and cristae. Thus, the composition and nature 
of the lipide material in this cytochrome-rich enzyme system 
assume interest not only from the standpoint of its possible 
function in electron transport processes but also with regard 
to an understanding of the nature of the membranous structures 
of the mitochondria. In this paper we present data bearing 
on these points. 


METHODS 


The procedure for the preparation of the enzyme complex 
from beef heart muscle which provides the starting material 
for the experiments described in this report has been given pre- 
viously (1). In all cases the precipitate obtained by ammonium 
sulfate treatment in the last step of the procedure was taken 
up in water and the pH adjusted to 6.6. This is referred to 
here as the original enzyme preparation. Further treatment of 
this preparation varied according to the type of experiments to 
be performed and will be described as the results are presented. 
The enzyme activities were determined manometrically at 37.2° 
in air and are expressed as Qo, (microliters of O2 per hour per 
mg. of dry weight of enzyme). Each vessel contained 2.0 ml. 
of 0.1 m phosphate, pH 7.38; 0.2 ml. of sodium succinate, 0.5 
M; or 0.6 ml. of p-phenylenediamine, 0.2 m; 0.1 ml. of enzyme; 
cytochrome c to give a final concentration of 2 x 10-® m; and 
water to make a total volume of 3.0 ml. 

The determination of the dry weight was performed on en- 
zyme samples submitted to exhaustive dialysis or to precipita- 
tion by the addition of an equal volume of 95 per cent ethanol 
with three washings of the precipitate with 50 per cent ethanol. 

Phosphorus was determined either by the Fiske and SubbaRow 
method (3) or by the method of King (4). 


* This work was supported in part by funds received from the 
Eugene Higgins Trust through Harvard University, from the 
Life Insurance Medical Research Fund, from the Massachusetts 
Heart Association, and by a contract with the United States 
Atomic Energy Commission. 

t Work carried out in part during the tenure of a predoctoral 
fellowship from the National Science Foundation. 

t Work carried out during the tenure of a Lederle Medical 
Faculty Award. 


Plasmalogen phosphorus was determined by the method of 
Schmidt et al. (5),! and a modification of the method of King 
(4) in which increased quantities of perchloric acid were used 
and the amount of ammonium molybdate solution was increased. 
The conditions used were checked for color stability and linear 
dependence of color intensity upon phosphorus present, and 
were found to be satisfactory. 

Cholesterol was determined by three different methods: that 
of Zlatkis et al. (6); the direct Liebermann-Burchard method 
(7); and that of Schoenheimer and Sperry (8), incorporating 
the modifications of Sperry and Brand (9) and Sobel and Mayer 
(10). Polyunsaturated fatty acids were determined by the 
method of Herb and Riemenschneider (11), modified for use 
with small samples. The details of this modification will be 
published elsewhere. Analyses of pure polyunsaturated fatty 
acids gave absorption constants in good agreement with those 
of other workers (11-13). Iodine values were determined by 
the micromethod of Yasuda (14). 

Lipide was extracted by two different methods, with the use 
of ethanol-ether (15) or chloroform-methanol (16). The pro- 
tein content of the residue after chloroform-methanol extrac- 
tion was determined by suspending a weighed amount in 1 
volume of water and adding 4 volumes of 10 per cent trichloro- 
acetic acid. The precipitate was centrifuged, washed twice at 
the centrifuge with 50 per cent acetone, dried, and weighed. 
The protein content of the residue was also determined by the 
biuret method of Gornall et al. (17). A sample of serum al- 
bumin with an Ei”... of 5.3 at 280 my, kindly supplied by Dr. 
D. Surgenor, was used as a standard. Absorption spectra were 
determined at room temperature by the use of a Beckman 
model DU spectrophotometer. The instrument was calibrated 


with a mercury lamp and matched quartz absorption cells were 
utilized. 


PROCEDURE AND RESULTS 


When the ethanol-ether procedure was used to extract lipides, 
the enzyme preparation was first centrifuged in cellophane cups 
at 25,000 x g for 1 hour at 2-5°. This procedure yielded what 
has been labeled as supernatant fluid in Table I, and also a 
firmly packed pellet. The pellet was homogenized with a 
volume of cold water equal to the original volume of enzyme, 
and the mixture was centrifuged as before for one-half hour. 
This process was repeated once again. The supernatant fluids 
obtained in each case have been labeled first and second wash 


1The authors are grateful to Dr. G. Schmidt for providing 
details of this method. 
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TaBie I 
Phosphorus partition in enzyme preparation subjected 
to ethanol-ether extraction 


The phosphorus values are expressed in terms of 100 mg. of dry 
weight of original enzyme preparation. 





Enzyme preparation 1 | Enzyme preparation 2 





Succinate Qos. . 



























































Bcsaee coments 508 418 
p-Phenylenediamine Qoz............... 661 i 688 
mg. P |% total P*| mg. P | % total Pt 
Original enzyme............. 1.347 | 100 1.676 | 100 
Supernatant fluid............ 0.096 7.1 | 0.142 8.5 
First wash......... 0.019 1.4 | 0.023 1.4 
Second wash.................| 0.016 1.2 | 0.017 1.0 
Ethanol-ether-soluble. ......} 0.990 73.6 | 1.220 72.8 
Ethanol-ether-insoluble...... 0.209 15.6 | 0.256 15.3 
* The percentage of phosphorus recovered was 98.9. 
1 The percentage of phosphorus recovered was 99.0. 
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Fic. 1. Absorption spectra of extracts of enzyme preparation 
4. Curve A, crude chloroform-methanol extract. Curve B, 
washed chloroform-methanol extract. Curve C, combined wash- 
ings of extracts. Curve D, purified lipides in chloroform-meth- 
anol. Curve E, purified lipides in cyclohexane. The values are 
calculated with respect to 100 mg. of dry weight of enzyme pellet, 
100 ml. of solution, and a l-em. light path. 100 mg. of dry weight 
of enzyme preparation were obtained from 7.75 gm. of whole 
heart, wet weight. For further details, see the text. 
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in Table I. The pellet which was now obtained was practically 
free from ammonium sulfate. It was transferred quantita- 
tively to a glass container and extracted with a boiling 3:1 
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ethanol-ether mixture (15). The preparation was centrifuged 
briefly, the supernatant fluid decanted, and the residue submitted 
to two additional extractions by the same procedure. A total 
of approximately 15 ml. of ethanol-ether mixture was used per 
100 mg. of dry weight of enzyme preparation. The ethanol- 
ether extract is labeled ethanol-ether-soluble in Table I, and 
the residue has been termed ethanol-ether-insoluble. The 
phosphorus content of all the fractions obtained was determined 
by the Fiske-SubbaRow method (3). In Table I, the results 
obtained on two enzyme preparations treated in this manner 
are given, along with the enzymatic activities of the starting 
preparations. It should be emphasized that these results are 
expressed in terms of the dry weight of the original enzyme 
preparation. The supernatant fluid may contain as much as 
20 per cent of the dry weight of the original enzyme prepara- 
tion, and, as shown here, 7 to 8 per cent of the total phosphorus, 
All of the enzyme activity of the preparation is, however, re- 
covered in the pellet, as shown previously (18). It would also 
appear that most, if not all, of the lipide material is also thrown 
down in the pellet. This is indicated by the fact that the lipide 
content of the original enzyme preparation is, on the average, 
about 34 per cent of its dry weight (Table V; preparations 5 to 
9), whereas the lipide content of the pellet is approximately 
one-fifth higher (Table V; preparations 3 and 4). About 73 
per cent of the total phosphorus of the original enzyme prepara- 
tion appears in the lipide-containing ethanol-ether extract. 
Some 15 per cent of the total phosphorus remains in the ethanol- 
ether-insoluble fraction. As will be seen, this result differs 
from that obtained with the CHCl;-CH;OH extraction pro- 
cedure in which practically all the phosphorus was extracted. 

When the chloroform-methanol extraction procedure was 
used we merely centrifuged the enzyme preparation as in the 
first step of its treatment for the ethanol-ether extraction. The 
pellet was then extracted directly without washing. This was 
done to shorten the procedure and thus decrease the chances 
for oxidation of the unsaturated fatty acids in the preparation. 
Consequently, the pellet contained considerable amounts of 
ammonium sulfate which were carried along from the last step 
in the preparation of the enzyme. The preparation of the 
enzyme and formation of the pellet were carried out within 24 
hours after obtaining the heart at the slaughter house. The 
pellet was frozen immediately after it was obtained. 

The total lipides were then extracted and purified by the 
method of Folch et al. (16), with minor modifications. The 
lipide extraction and purification procedures were executed, as 
far as was possible, under oxygen-free nitrogen, and products 
were stored in nitrogen-filled desiccators at —20°. A portion 
of the fresh heart muscle from which the enzyme pellet was 
prepared was stored at —20° under nitrogen during the period 
required for preparation of the enzyme, and the lipides were 
extracted and purified in parallel with those of the enzyme 
preparation. Two enzyme preparations and two samples of 
the original fresh tissue were studied in detail. 

The following data summarize the procedure and describe 
the fractions obtained. 

The enzyme preparations or tissue samples were homogenized 
with chloroform-methanol (2:1, volume for volume) in excess 
of 20 volumes. The homogenates were then filtered through 
tared, sintered glass suction funnels, and the residue and funnel 
were carefully rinsed with the solvent. The residues were 
dried in a vacuum and weighed. The clear filtrates were made 
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to definite volumes in such a manner that the composition with 
respect to chloroform, methanol, and water was known to be 
very close to 12.67:6.33:1 (16). 

The absorption spectra of such filtrates (crude lipide extracts) 
were determined and are shown for enzyme preparation 4 and 
the corresponding whole heart tissue 4 as Curve A of Figs. | 
and 2, respectively. 

The filtrates were then thoroughly equilibrated with one-fifth 
their volume of solutions of 0.05 per cent CaCl. (enzyme prep- 
aration 3 and whole heart tissue 3) or 0.73 per cent NaCl (en- 
zyme preparation 4 and whole heart tissue 4) and then cen- 
trifuged. Two clear liquid phases formed; the lower, chloro- 
form-rich phase, and the upper, aqueous-methanolic phase (16). 

Insoluble material formed at the interface between the aqueous 
and chloroform-rich phases in the case of the extracts of both 
enzyme preparations, but not in the case of the whole heart 
extracts. This material was removed with a glass rod and was 
immediately sucked free from the greater part of the solvent 
adhering to it on a tared, sintered glass funnel. It was rinsed 
with a mixture of solvents that had the composition of the 
upper aqueous-methanolic phase, and then with one that had 
the composition of the lower chloroform-rich phase. The 
amount of this reddish-brown material is given in Table II as 
Fraction I. Its absorption spectrum has been obtained by a 
procedure to be described below and is illustrated in Fig. 3. 

The lower phases were now thoroughly equilibrated with a 
mixture of the appropriate salts, methanol, chloroform, and 
water in the proportions found in the upper phase (16). The 
mixtures were centrifuged, and the upper phases were again 
removed. In each case, the first and second upper phases 
were combined and made to a definite volume. The lower 
phases were also made to volume. The absorption spectra of 
the lower phase (Curve B) and the combined upper phases 
(Curve C) are given in the case of enzyme preparation 4 in Fig. 1 
and for the corresponding whole heart tissue 4 in Fig. 2. 

The lower phases were now brought to dryness at 70° under a 
stream of oxygen-free nitrogen. Approximately 1 ml. each of 
chloroform, methanol, and water were added to the dried lipides 
at 60-65° and allowed to evaporate under the nitrogen stream 
in order to promote maximal cleavage of protein from the pro- 
teolipides (19). The lipides were then extracted into chloro- 
form-methanol (2:1) at 45°, filtered through a tared, sintered 
glass funnel, and thoroughly washed. The residue was dried in 
a vacuum and weighed; it is referred to as Fraction II in Table 
II. The purified lipide extracts were made to volume, and their 
absorption spectra were determined (Curve D, Figs. 1 and 2). 
The amount of lipide in this extract was determined by evap- 
orating an aliquot to dryness under nitrogen, and is given 
as Fraction III in Table II. Finally, aliquots of these purified 
lipide extracts were evaporated to dryness and taken up in 
cyclohexane. The absorption spectra were again determined 
and are referred to as Curve E of Figs. 1 and 2. The activity 
data for the enzymatic preparations and the chemical charac- 
teristics of the purified lipide obtained from them are given in 
Table III. 

Several interesting features of the absorption spectra may 
now be noted. 

Enzyme Preparation 4—The crude filtered chloroform-meth- 
anol extract of enzyme preparation 4 (Curve A; Fig. 1) has a 
peak at 403 to 405 mu. This peak was almost entirely elim- 
inated by the washing procedure, to give Curve B. The peak 
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Fic. 2. Absorption spectra of extracts of whole heart tissue 
4. Symbols as in Fig. 1. Values are calculated with respect 
to 100 mg. of dry weight of whole heart tissue. 100 mg. of whole 
heart, dry weight, are equivalent to 514 mg. of the wet tissue. 
For further details see the text. 
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TaBLe II 


Fractions of enzyme preparation 4 and fresh heart tissue 4 obtained 
by modified lipide extraction method of Folch et al. (16) 





Total chloroform-methanol- 
soluble material* 


Fraction 





| In freshfbeart 
| tissue 


In enzyme 
preparation 





% | % 
I. Precipitated by aqueous washing. | 6.4 | Not detec- 
| table 
Il. Precipitated by drying, heating, | 
and treatment with hot solvents. | 1.6 15.4 
III. Resulting purified lipide.... 89.0 84.6 





*The material that is removed in solution in the aqueous 
washes is not included. The total material recovered is set at 
100 per cent. 


at 278 to 279 my was greatly reduced by the washing procedure, 
and its maximum now appeared at a wave length of 276 to 279 
my. The changes in these peaks could not be accounted for by 
the absorption of the washes (Curve C). The absorption of 
the missing component may be determined by subtracting 
Curves B and C from Curve A, and the resulting difference 
spectrum is shown in Fig. 3. This difference spectrum is pre- 
sumably due to the dark, reddish-brown material which pre- 
cipitated during the washing procedure and was referred to 
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Fig. 3. Absorption spectrum of solid material produced during 
washing of crude chloroform-methanol extract of enzyme pellet 
preparation 4. The curve shown is a difference spectrum ob- 
tained by subtracting Curves B + C from Curve A in Fig.1. The 
ordinate is as in Fig. 1. Further details are given in the text. 
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Tasie III 
Activity and composition of enzyme preparations subjected to 
chloroform-methanol extraction 


All values ezcept Qo, are expressed as milligrams per 100 mg. of 
enzyme pellet (dry weight). 























Enzyme Enzyme 
preparation 3 | preparation 4 
I 08 5.5 beck co sce cose cctatesenpbhachnde 391 492 
p-Phenylenediamine Qo2.... .. ..... 6-66... eee 694 795 
Total phosphorus..................... 1.50 1.45 
Total purified lipide (CHCl;-CH;OH- 
soluble) . NN ee ee ee, 44.2 |; 40.5 
Total lipide phosphorus. . 1.58 1.51 
Plasmalogen phosphorus. . 0.45 
Phosphatide (caleulated)*.. ers: 39.5 37.8 
CHC1;-CH;OH-insoluble residue 
Total phosphorus............. 0.04 9.04 
Biuret protein. . a | 56.6 
Trichloroacetic acid- precipitated 
IR 0 O88 US a opi cea vaee eels 57.9 








* Calculated by multiplying the lipide phosphorus content by 
25. 


previously, (Table II, Fraction I). This spectrum shows a 
peak at 403 to 405 my, a region in which the oxidized forms of 
the cytochromes are known to absbrb. For example, the Soret 
band of the oxidized form of cytochrome c is located at 407 
my (20). The band at 403 to 405 my appears to be broader than 
the usual Soret band displayed by the cytochromes in aque- 
ous media. The other peak at 280 my with a shoulder at 
about 290 mu may be due to absorption by tyrosine and trypto- 
phan of protein. However, in considering this spectrum, it 
must be remembered that it was derived from absorption meas- 
urements made in three different solvents. Thus, comparisons 
with spectra reported in aqueous media for the cytochromes or 
tyrosine and tryptophan may be open to question. 

In the case of enzyme preparation 3, the material which was 
removed from solution by the washing procedure (corresponding 
to Fraction I, Table II) was combined with the solid residue 
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(corresponding to Fraction II, Table Il) produced by the treat. 
ment used to cleave proteolipides in the washed lipide extract, 
and examined directly. This combined material was water. 
insoluble. A suspension of it in a buffered solution was observed 
with a hand spectroscope and revealed no absorption bands, 
Upon the addition of dithionite, bands became visible at 560 
and 590 my, although the latter was very faint. The particles 
were recovered from the suspension by centrifugation and 
treated with 80 per cent acetone which contained 2 ml. of con- 
centrated HCl per 100 ml. This yielded a reddish-brown 
solution, the absorption spectrum of which was determined in 
the Beckman model DU spectrophotometer. This spectrum 
showed a strong band at 375 my with a shoulder at 405 my 
and weak bands at 508 and 545 mu. There is, thus, some evi- 
dence that we are dealing with a heme-containing component. 
Further investigation of the nature of this material is planned. 
Lipide-soluble forms of cytochromes have been noted by other 
workers (21-23). 

Curve C of Fig. 1, which is the spectrum of the combined 
wash solutions from the lipide extract of enzyme preparation 4, 
shows a small peak at 400 my, suggesting that a small amount 
of heme-containing material has dissolved in the wash solutions. 
A definite peak is visible in Curve C at 261 my, which is sugges- 
tive of the presence of nucleotide material in the wash solutions. 
In order to check this point, the wash solutions from enzyme 
preparation 3 were taken to dryness with heating and the 
residue extracted with water. A clear, greenish-yellow solution 
was obtained that showed an absorption spectrum, with peaks 
at 445, 355, and 255 my, which was similar to that of flavin 
adenine dinucleotide. 

Ubiquinone (24) or Q 275 (25) in the Purified Lipides from 
Enzyme Preparation?—The absorption spectrum of the final 
chloroform-methanol solution of the purified lipides from the 
enzyme preparation (Curve D, Fig. 1) shows a peak with a 
maximum at 274 to 277 mu. We believe this absorption is due 
at least in part to the compound first discovered in the labora- 
tories of R. A. Morton, and which was first referred to as SA 
by Morton and his coworkers. More recently it has been given 
the name of ubiquinone by Morton et al. (24). Festenstein 
et al. (26) report that this compound shows a maximal absorp- 


2 Since submitting this paper for publication considerably more 
information on Q27; and ubiquinone has become available. In a 
recent note (J. Am. Chem. Soc., 80, 4751, 1958), Lester, Crane, and 
Hatefi have given their compound Q2;; the new name of Coenzyme 
Q and have shown that the compound occurring in heart muscle 
is but one of a series of similar quinones which occur in nature. 
These workers, together with Wolf et al. (J. Am. Chem. Soc., 80, 
4752, 1958), have presented evidence to show that these quinones 
are derivatives of 2,3-dimethoxy-5-methyl benzoquinone, and 
differ from one another by the number of isoprenoid units in the 
side chain substituted in the 6 position. The compound in heart 
muscle has ten isoprenoid units and is therefore termed Coenzyme 
Qio, with a molecular weight of 863. Furthermore, Morton and 
his co-workers Biochem. J., 70, 1P, 1958) have reached the con- 
clusion that ubiquinone as derived from heart muscle is a deriva- 
tive of 2,3-dimethoxy-p-benzoquinone with a CsoHgs side chain, 
probably isoprenoid in nature. They now assign ubiquinone a 
molecular weight of 849. Bouman et al. (Biochim. et Biophys., 
29, 456, 1958) report data which indicate the presence of 3.0 mg. 
of ubiquinone per gram of protein in a horse heart enzyme prepara- 
tion. Crane et al. (26) reported a value of 2.7 mg. of Qo7zs per gram 
of protein in their ‘‘Electron transfer particle’. The data for 
our enzyme preparation yield a value of 2.7 mg. of quinone per 
gram of protein. 
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tion at 277 my in chloroform, 275 my in ethanol, and 272 mu 
in cyclohexane. An aliquot of the solution which was used to 
obtain the spectrum given in Curve D, Fig. 1 was evaporated to 
dryness under a stream of oxygen-free nitrogen at 52° and the 
residue redissolved in cyclohexane at 45°. The absorption 
spectrum of this solution showed a peak at 272 my (Curve E, 
Fig. 1). More recently, Crane et al. (25) have described the 
isolation of a quinone from beef heart mitochondria which they 
refer to as Q 275, since it has an absorption maximum in absolute 
ethanol at 275 mp. Although Crane et al. (25) do not mention 
the earlier work of Morton and his coworkers, it would appear 
that Q 275 and ubiquinone are the same or related compounds. 
This conclusion has apparently also been reached by Morton 
et al. (24). It should be noted, however, that by use of the 
1%, value of 170 given by Heaton et al. (27) and the molecular 
weight of 642 given by Morton et al. (24) a molecular extinction 
coefficient of 11 * 10* may be calculated for ubiquinone. The 
corresponding coefficient calculated from the data of Crane 
et al. (25) for Q 275 and a molecular weight of 850 (28) is 17 x 
10°. The identity of the compound in our purified lipide extract 
with Q 275 is strongly suggested by the following experiment. 
A 2-ml. aliquot of the final chloroform-methanol solution of the 
purified lipide of enzyme preparation 4 was evaporated to dry- 
ness under a stream of oxygen-free nitrogen at a maximal tem- 
perature of 58° and placed without exposure to air under high 
vacuum for 5 minutes. The vacuum was broken with nitrogen, 
and the dry lipide was redissolved in 5 ml. of absolute ethanol 
at 55°, whereupon essentially all of it went into solution. One 
2-ml. aliquot of this ethanol solution was diluted to 3 ml. and 
its absorption spectrum measured in the Beckman model DU 
spectrophotometer. The data obtained have been calculated 
as pind and are shown as Curve A in Fig. 4 where a peak at 
273 to 274 my is clearly visible. The absorption spectrum of a 
similarly prepared sample of the ethanol solution of the lipides 
was determined after the addition of solid KBH,. This spec- 
trum, corrected for absorption due to the presence of dissolved 
KBH, and calculated as re is shown as Curve B in Fig. 4. 
It can be seen that the peak at 273 to 274 my has been elimi- 
nated by the addition of KBH, and there appears in Curve B a 
small shoulder in the region of 280 my. This shoulder is ap- 
parently due to the reduced form of the quinone which is re- 
ported by Crane et al. to show a peak at approximately 290 my. 
The difference spectrum obtained by subtracting Curve B from 
Curve A is shown as Curve C in Fig. 4. It shows a maximum at 
277 mu with troughs at 245 and 299 my. This difference spec- 
trum shows a marked similarity to that which may be obtained 
from the data presented by Crane et al. (25). From their data 
we calculate a value of 16.0 for Ete at 275 muy for the differ- 
ence in absorption between the oxidized and reduced forms of 
the quinone. The difference in density between Curves A and 
B in Fig. 4 at 275 my is 0.024, from which it may be calculated 
that 0.15 mg. of this quinone is present in 100 mg. of dry weight 
of enzyme preparation 4. If the molecular weight of Q 275 is 
taken as 850 (28), then it may be calculated that the 0.15 mg. of 
() 275 present in 100 mg. of dry weight of enzyme preparation 4 
is equivalent to 1.8 X 10-7 moles of Q 275. 

Fresh Heart Tissue 4—The absorption spectrum of the fil- 
tered chloroform-methanol extract of fresh heart tissue 4 (Curve 
A, Fig. 2) had a peak at 400 my, which was, in contrast to 
that of enzyme preparation 4, only partially reduced in mag- 
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Fic. 4. Absorption spectra of purified lipide extract of enzyme 
pellet preparation 4 dissolved in ethanol. Curve A, without 
borohydride treatment. Curve B, after reduction with boro- 
hydride. Curve C, difference spectrum due to borohydride re- 
duction. 
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nitude after the washing treatment (Curve B). Upon removal 
of the wide variety of water-soluble compounds by this washing 
treatment, a strong absorption peak at 279 my could be seen 
in Curve B. Little or no material absorbing at 400 my was de- 
tected in the washings (Curve C). When the washed lipide solu- 
tion from whole heart tissue 4 was evaporated to dryness and 
dissolved in chloroform-methanol as previously described, little 
change occurred in the 400-my peak; but a large decrease in ab- 
sorption at 279 my took place (Curve D), which was probably due 
to proteolipide protein (19), and which corresponds to the precipi- 
tation of Fraction II, Table II. A peak at 273 to 274 my now 
appears in Curve D, and is presumably due to ubiquinone or Q 
275. If the lipide material at this stage is dissolved in cyclo- 
hexane, this peak is shifted to 270 my (Curve E, Fig. 2). The 
nature of the material responsible for the absorption at 400 my 
in lipide extracts from fresh heart merits further study. 

The lipides extracted from enzyme preparations with chloro- 
form-methanol are compared with those from whole heart with 
respect to a number of components. These data are given in 
Table IV. 

The cholesterol content of seven different enzyme preparations 
is given in Table V. The variation in the percentage of lipide 
content which occurs, depending upon whether the results are 
expressed in terms of dry weight of the original enzyme prepara- 
tion or the enzyme pellet, has been commented on earlier. The 
cholesterol content is 6 to 8 per cent of the total lipide when de- 
termined by either the method of Zlatkis et al. (6) or by the Lie- 
bermann-Burchard direct procedure (7). If the modified Schoen- 
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TABLE IV 


Comparison of lipide compositions of enzyme 
preparation and whole heart tissue 





Purified lipide* 











In enzyme | In whole | In enzyme In whole 

preparation! heart | preparation heart 

3 tissue 3 | | tissue 4 
| as 33 ae a (5 a } ae ee } ae niga | a or 

| /0 “0 | Cc /0 
Total lipide phosphorus..| 3.57 3.20 3.73 | 3.33 
Total phospholipidet....| 89 80 | 93 | 83 
Plasmalogen phosphorus. | |} 1.10 | 0.54 
Plasmalogenst........... | 28 | 14 
Total cholesterolf....... | 5.8 | 6.7 7.7 8.4 


| 





* The lipide content as percentage of dry weight for enzyme 
preparation 3 was 44.2; for whole heart tissue 3, 12.9; for enzyme 
preparation 4, 40.5; for whole heart tissue 4, 13.4. 

¢ Plasmalogens and total phospholipide are calculated by mul- 
tiplying their phosphorus content by 25. 

t Method of Zlatkis et al. (6). 


TABLE V 
Cholesterol content of lipide 























Cholesterol as % of total lipide 
tang o | 
eS x -—— Method of | ee « i a 
Ziatkis, Zak, rece 
— Burchard | Total Free 
council -— $$ |———_—|}—_____ scaieill oeoaeareigteoaion 
3 44.2 5.8 | | 
4 40.5 | YP | | 
5 35.6 | | 6.3 
6 29.5 | 8.0 | 
7 36.8 | 5.9 
8 | 36.8 | 5.9 | 1.96 1.80 
9 ae | | 2.68 | 2.68 








* In enzyme preparations 3 and 4, the lipide was extracted from 
the unwashed enzyme pellet by the chloroform-methanol pro- 
cedure, and the lipide content is expressed as percentage of the 
pellet, dry weight. In preparations 5 to 9 the lipide was extracted 
from the twice-washed enzyme pellet and is expressed as per- 
centage of the dry weight of the original enzyme preparation 
(see the text). 


heimer-Sperry (8-10) procedure is used, in which cholesterol 
is precipitated first with digitonin, then the values drop to about 
one-third of the values found with the other two methods. 
There is also very little, if any, difference between the values 
obtained for free and total cholesterol by this method. 

Fatty Acid Patterns of the Purified Lipides—The individual 
polyunsaturated fatty acids were determined on the final puri- 
fied lipides. Approximate values for oleic acid were calculated 
from the difference in unsaturation measured by the iodine value 
and the calculated unsaturation due to polyunsaturated fatty 
acids and cholesterol. Values for the total unsaturated fatty 
acids and for total saturated fatty acids could thus also be ob- 
tained, as shown in Table VI, with the use of the assumptions 
in the footnote to that table. 

It must be emphasized that, whereas the values for the poly- 
unsaturated fatty acids are precise, those for the monoenoic acids 
and for the saturated fatty acids are presented only as a guide. 
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Tasie VI 


Comparison of fatty acid patterns of enzyme preparation 
and fresh heart tissue 





Purified lipide 








Fatty acid In enzyme | In whole |In enzyme | In whole 
prepara- heart | prepara- heart 
tion 3 tissue 3 tion 4 tissue 4 
5. er H % % a3 % . %e 
Monoenoic*................ ) 2 29 17 22 
BIE io acs 0s cerca wwe 16.3 14.9 | 17.6 13.2 
Trienoic. . BEG dake 2:2 2.5 4.3 2.0 
cs 13 6.6 9.1 8.0 
POUMGGONONS. .........0.6.5. 2.6 2.6 2.9 2.8 
Hexaenoic................ 0 0 0 0 
Total polyunsaturated.......) 28.3 26.6 31.7 26.0 
Total unsaturatedt.......... 50 56 48 48 
Total saturated..............) 24 ; 18 24 25 


* This was calculated as oleic acid. The figure is subject to 
uncertainty since it is derived from the iodine value of the puri- 
fied lipide and the sum of the polyenoic acids (see the text). The 
iodine values are as follows: enzyme preparation 3, 91.0; enzyme 
preparation 4, 96.0; fresh heart tissue 3, 93.9; fresh heart tissue 
4, 88.4. 

+t The dienes and trienes are calculated as C,s-, the tetraenes 
as C2o-, the pentaenes as an equal mixture of C2o- and C2.- and 
the hexaenes as Cz-fatty acids. 

¢ The estimation is based on assumptions that essentially all 
the phosphatides are glycerophosphatides (29, 30), that the av- 
erage molecular weight of the nitrogen bases in the case of the 
enzyme preparation is 90 (2) and that for fresh heart is 100 (30), 
that the cholesterol content is 2 per cent, and that the small 
amount of lipide which is not accounted for as phosphatide or 
cholesterol is neutral fat. 





The assumptions invoked, together with uncertainties in the 
iodine value measurements when applied to so complex a lipide 
mixture and the uncertainty of the behavior of plasmalogens 
(a-B-unsaturated ethers (31)), make all the figures except those 
for the polyenoic acids merely indicative. It is of interest to 
note that polyunsaturated fatty acids constitute about one-fourth 
of the total purified lipide. The absence of hexaenes is note- 
worthy and corresponds to the finding of Klenk and Krickau 
(32) who examined the fatty acids of choline-containing leci- 
thins and plasmalogens of beef heart muscle. 
DISCUSSION 

Lipide Composition of Enzyme Preparation and Whole Fresh 
Heart Muscle—It is interesting to compare the composition of 
the lipides extracted from the enzyme system with those ob- 
tained from fresh tissue. The earliest indication of differences 
which exist is the fact that aqueous washing of the chloroform- 
methanol extract of the enzyme preparation causes the separa- 
tion of a considerable amount of insoluble material. This was 
not apparent in the case of the fresh tissue. On the other hand, 
drying and heating of the washed lipide to separate out protein 
produced a considerable amount of chloroform-methanol- 
insoluble residue in the case of the fresh tissue, but a much 
smaller amount in the case of the enzyme preparation (Table 
II). The reasons for this difference in behavior are not clear, 
but might arise from differences in the total composition of the 
extraction mixtures or from changes that occur during prepara- 
tion of the enzyme. An effect of procedural changes is also 
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shown by the fact that when the pellet was directly extracted, 
either with chloroform-methanol (Table III) or ethanol-ether, 
almost all the phosphorus is lipide-soluble. If the pellet is 
washed before the extraction procedure, then 15 per cent of the 
phosphorus becomes insoluble in ethanol-ether (Table I), but 
the amount soluble in chloroform-methanol remains unchanged. 

The purified lipide content of the whole heart was about 13 
per cent of the dry weight, and that of the enzyme preparation 
about 40 per cent or 3 times that of the whole heart tissue. 
When the purified lipide preparations were analyzed and com- 
pared, it was evident that 89 to 93 per cent of the enzyme lipide 
was phosphatide, whereas 80 to 83 per cent of the lipide of whole 
fresh tissue was phosphatide (Table IV). The earlier results of 
Ball and Cooper (1) in which the fractionation of the enzyme 
preparation into different phosphorus fractions was carried out 
by the method of Schneider (33) led to the conclusion that about 
two-thirds of the total phosphorus was present as phospholipide 
and the remainder as nucleic acid phosphorus. The Schneider 
method obviously gives erroneous results when applied to this 
preparation. Further, in the one enzyme preparation examined, 
28 per cent of the lipide was plasmalogen, as against 14 per cent 
in the fresh tissue from which it was derived. It is of consider- 
able interest to note that the amount of phosphatidy] serine pres- 
ent is below the limit of detection, and that lipide inositol con- 
stitutes about 0.71 per cent of the lipide.4 Total cholesterol, by 
direct application of the method of Zlatkis et al. (6), was identi- 
cal both for lipides from the enzyme preparation and from whole 
heart muscle. The fatty acid composition of the lipides from 
the enzyme preparation and whole heart are also strikingly simi- 
lar (Table VI). It would seem that in the lipides of the enzyme 
preparation there are slightly more polyenoic fatty acids and 
slightly less oleic acid than in those of whole heart. Thus, the 
most obvious difference in composition between the two lipide 
samples seems to be the increased proportion of plasmalogens in 
lipides from the enzyme preparation. It appears also from the 
data that the lipides of the enzyme preparation contain less 
neutral fat than those of whole heart. 

Since heart tissue is extremely rich in proteolipides (34) it 
is interesting to compare the amounts of proteolipide protein in 
whole heart muscle and in the enzyme preparation. From the 
data of Folch and Lees (34) and assuming a dry weight value of 
20 per cent, a value of 1.7 per cent proteolipide protein may be 
obtained for the former. A value of 8.3 per cent® has been ob- 
tained for the latter, based upon dry weight. In the present 
study, values of 2.4 per cent and 5.0 per cent, respectively, have 
been obtained (Table Il). It may be calculated that the total 
amount of lipides extracted from an enzyme preparation repre- 
sents 19 to 20 per cent of the amount of lipide that is present in 
the quantity of whole heart from which the enzyme preparation 
was obtained. However, the yield of enzyme from whole heart, 
as based upon recovery of succinate oxidase activities, is of the 
order of 30 per cent (1). Thus, on this basis, some 63 to 67 per 
cent of the total lipides of heart muscle are localized in the mito- 
chondrial membranes which constitute the succinate and _re- 
duced diphosphopyridine nucleotide oxidase system. 

Edwards and Ball (29) studied the action of phospholipases on 
this enzyme preparation. They found that enzyme activity was 
lost progressively as the phospholipides of the preparation were 
hydrolyzed. The phospholipase of cobra venom was especially 


3’ These data were kindly provided by Dr. J. Folch. 
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active. It was shown that the complete inhibition of succinate 
oxidase required incubation with a minimum of 0.5 mg. of cobra 
venom per mg. of dry weight of enzyme for 25 minutes at 37°. 
Concomitantly, between 0.2 and 0.3 umoles of fatty acid were 
released per mg. of enzyme. If the amount of cobra venom was 
increased, then very little additional release of fatty acid oc- 
curred. It may be calculated from the data of Table III that 
the average phospholipide content of the two enzyme prepara- 
tions given is 0.38 mg. per mg. of dry weight of enzyme. If a 
molecular weight of 775 is assumed for phospholipide, this cor- 
responds to 0.5 umole of phospholipide per mg. of enzyme. Since 
snake venoms are reported to contain an a-lecithinase (35), one 
fatty acid would be released per mole of phosphatide. Hence, 
the maximal fatty acid that could be released by its action would 
be of the order of 0.5 wmole per mg. of enzyme. The values of 
Edwards and Ball (29) of 0.2 to 0.3 umole of fatty acid released 
per mg. of enzyme, which, as they pointed out, may be a little 
low, are thus in fair agreement with the calculated value. 

It is also of interest to note that Edwards and Ball showed 
that the addition of an unsaturated fatty acid, oleate, to succi- 
nate oxidase simulates the pattern of inactivation produced by 
cobra venom. They found that the addition of 1 wmole of so- 
dium oleate per mg. of enzyme was just sufficient to inhibit 
succinate oxidase activity 100 per cent. The addition of 1 umole 
of sodium stearate, the saturated counterpart of sodium oleate, 
produced, however, only 12 per cent inhibition. These workers 
suggested that the inactivation of succinate oxidase by venom 
might be due to the unsaturated fatty acids released by its 
action. Since 0.2 to 0.3 umole of fatty acid were released per 
mg. of enzyme in their experiments, the data presented here 
on the polyunsaturated fatty acids present in the enzyme prepa- 
ration would further suggest that these acids are even more in- 
hibitory upon their release than sodium oleate. The action of 
polyunsaturated acids upon this enzyme complex deserves fur- 
ther investigation since such studies might not only furnish ad- 
ditional clues as to the reason for the pronounced toxicity of 
lecithinases of this type, but also lead to a better understanding 
of the functioning of the electron transport chain and the role 
of the lipides associated with it. 

The concentration of Q 275 in the enzyme preparation is of 
interest on several points. From the data presented, this con- 
centration was calculated to be approximately 1.8 x 10-7 moles 
per 100 mg. of dry weight of enzyme pellet. Ball and Cooper 
(18) have reported that the concentration of cytochrome ¢ in 
the packed enzyme pellet is approximately 3 x 10-* moles per 
liter. Since the ammonium sulfate-free dry weight of a pellet av- 
erages about 80 gm. per liter, the cytochrome c content per 100 
mg. of dry weight is 0.1/80 x 3 x 10-® moles, or 3.8 x 10-* 
moles. Thus, the Q 275 content of the enzyme preparation, 
on a molar basis, is about 4.6 times that of its cytochrome c 
content. If the quinone forms a 2-electron oxidation-reduction 
system, then its electron-transmitting capacity in the enzyme is 
9 times that of the cytochrome ¢ present. This seems like an 
unusually high ratio of quinone to cytochrome c if they both 
function only to transport electrons in series in a chain of com- 
pounds. If, on the other hand, the quinone also participates 
in oxidative phosphorylation in a manner similar to that pro- 
posed by Harrison (36) and Clark et al. (37), then an excess of 
quinone might be needed to ensure a maximal efficiency in the 
coupling of the oxidative and phosphorylative processes. 

The concentration of Q 275 in the enzyme preparation is also 
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of interest in relation to the action of the 2-hydroxy-3-alky]- 
naphthoquinone, SN5949, which Ball et al. (38) showed blocked 
the flow of electrons through the electron transmitter system. 
These writers used a less purified enzyme preparation, but their 
findings have been found to apply equally to the more purified 
enzyme preparation used here. A nearly complete inhibition of 
the oxidation of succinate (or reduced diphosphopyridine nucleo- 
tide) occurs with SN5949 at a concentration of 1 mg. per liter, 
or when 10 X 10-® moles of it are present in a Warburg flask 
containing a total volume of 3.0 ml. and set up as described 
under the “Methods” section for determining succinate oxidase 
activity. Under these conditions, 0.1 ml. of enzyme preparation, 
or approximately 0.65 mg. of dry weight of enzyme, is present in 
the flask. The content of Q 275 in this amount of enzyme is 
0.65/100 * 1.8 xX 107 moles or 1.17 X 10-® moles. Thus, 
when 10 molecules of the inhibitor SN5949 are present in the 
flask for each molecule of Q 275, there is nearly complete inhi- 
bition of electron flow through the system. How much of the 
SN5949 is bound to the particles and how much is free under 
these conditions is not known at thistime. It is alsonot known 
whether SN5949 acts by competing with the naturally occurring 
quinone as these calculations wouldimply. It has, however, been 
shown (28) that Q 275 apparently acts in the electron transmit- 
ter sytem somewhere between cytochromes 6 and c. This is the 
same locus that Ball et al. (38) pinpointed as the site of action of 
SN5949 and which led them in 1947 to postulate that “an un- 
known enzyme exists which mediates the reaction between cyto- 
chromes 6 and c in the chain and that it is this unknown enzyme 
which specifically reacts with naphthoquinones.” These workers 
considered the possibility that the inhibitory action of naphtho- 
quinones such as SN5949 might be due to their competition with 
a naturally occurring naphthoquinone, and they unsuccessfully 
attempted to release the respiratory inhibition caused by SN- 
5949 by the addition of vitamin K. Morton et al. (24) state that 
ubiquinone may be a naphthoquinone derivative which re- 
sembles vitamin K, but does not appear to be derived directly 
from it. They give the oxidation-reduction potential of ubiqui- 
none as “Ey ale. = 0.542.” We interpret this to mean the value 
of the oxidation-reduction potential at pH = 0 in an alcoholic 
solution. Hence, an Ey value of 0.542 volt corresponds to an 
Eo value of +0.122 volt at pH 7.0 if a 0.06-pH slope is assumed. 
The oxidation-reduction potential of simple quinones in 95 per 
cent alcohol solutions is not greatly different from that found in 
respect to aqueous solutions (Conant and Fieser (39)). This 
would place this quinone between cytochrome c with a Ep of 
+0.260 volt (40) and cytochrome 6b with an Eo of —0.040 volt 
(41) at pH 7.0. Thus, this quinone would form an oxidation- 
reduction system with a potential suited for the role of the un- 
known factor which many workers (38, 42, 43) have postulated 
participates in the electron transmitter system in this position. 


SUMMARY 


The lipide components of a particulate succinate and reduced 
diphosphopyridine nucleotide oxidase preparation which is 
derived from the mitochondrial membranes of beef heart muscle 
have been studied and compared with the lipides from the cor- 
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responding whole heart tissue from which the enzyme was ob- 
tained. The lipides have been extracted with ethanol-ether 
or chloroform-methanol mixtures. 

The phosphorus content of the enzyme preparations is on the 
average 1.5 per cent of the dry weight. The amount of this 
phosphorus which dissolves in ethanol-ether depends upon the 
treatment of the enzyme before extraction. Practically all the 
phosphorus dissolves in chloroform-methanol regardless of pre- 
vious treatment of the enzyme preparation. Calculated as 
phosphatides, this amount of phosphorus corresponds, on the 
average, to 38 per cent of the dry weight of the enzyme prepara- 
tion. Approximately one-third of the total phosphorus is pres- 
ent as plasmalogens. The total chloroform-methanol-soluble 
lipides comprise 41 to 44 per cent of the dry weight. Cholesterol 
accounts for 6 to 8 per cent of the total lipides when determined 
directly, but, for only 2 to 3 per cent when it is first precipitated 
by digitonin. Almost all the cholesterol is unesterified. Two- 
thirds of the fatty acids present in the lipides are unsaturated 
and occur mainly as the mono- and dienoic acids. Smaller 
amounts of tri-, tetra-, and pentaenoic acids also appeared to be 
present, but no hexaenoic acid could be detected. The high 
content of unsaturated fatty acids is discussed in relation to the 
inhibition of succinate oxidase which is caused by the addition 
of either cobra venom or of oleic acid. 

The lipide content of whole heart was found to be approxi- 
mately 13 per cent of its dry weight. The total phosphorus 
content of the lipides was only slightly less than, and the plas- 
malogen phosphorus was one-half, that of the corresponding 
enzyme preparation. The cholesterol content and the pattern 
of unsaturated fatty acids in the whole heart lipides were not 
significantly different from those in the lipides of the enzyme 
preparation. It is calculated that approximately two-thirds 
of the lipides of whole heart are to be found in the mitochondrial 
membranes. 

The proteolipide-protein content of whole heart and the en- 
zyme preparation has been found to be 2.4 and 5.0 per cent of 
the dry weight, respectively. In the case of the enzyme prepa- 
ration, examination of the proteolipide fraction indicates that it 
is material which contains hemin and which is presumably de- 
rived from the cytochromes. 

The purified chloroform-methanol extracts of the enzyme prep- 
aration or of whole heart have been found to give absorption 
spectra indicative of the presence of ubiquinone, or Q 275. 
When borohydride is added to an ethanolic solution of the puri- 
fied lipides from the enzyme preparation, the peak characteristic 
of the quinone is discharged. The difference between the ab- 
sorption of the oxidized and reduced material yields a spectrum 
which is markedly similar to that which may be obtained from 
the data presented by Crane et al. (25) for Q 275. If certain 
assumptions are made, it may be calculated that the concentra- 
tion of Q 275 in the enzyme preparation is of the order of 0.15 
mg./100 mg. of dry weight. The relative quinone and cyto- 
chrome ¢ contents of the enzyme preparation are discussed as 
is the possible identity of this quinone with the factor in the 
electron transmitter system which is inhibited by the hydroxy- 
alkylnaphthoquinone, SN5949. 
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There is no direct evidence on the site of the uncoupling of 
oxidation in the electron transport system from phosphorylation 
mediated by 2,4-dinitrophenol in mitochondria. Several mecha- 
nisms have been formulated on the basis of indirect evidence. 
It was originally suggested by Loomis and Lipmann (1) that 
DNP' could “replace” inorganic phosphate. Subsequently it 
has been suggested that DNP (a) causes the hydrolytic break- 
down of a phosphorylated intermediate (2, 3), (6) interacts with 
a component of the system to form a DNP intermediate (4), 
(c) inhibits the uptake of inorganic phosphate (5), and (d) causes 
the breakdown of a high energy intermediate which arises 
from interaction with the electron transport components and 
which normally interacts with inorganic phosphate and ADP to 
form ATP (6, 7). 

The experiments presented in this paper represent an attempt 
to distinguish among the possible sites of action of DNP. 
eral approaches have been made to the problem including (a) 
uncoupling with DNP labeled with O"%, (6) a comparison at dif- 
ferent levels of DNP of the rate of over-all phosphorylation, 7.e. 
the rate of formation of ATP, and the rate of a partial reaction 
of the phosphorylation sequence, 7.e. the rate of replacement of 
oxygen of inorganic phosphate by oxygen of water, and (c) the 
type of bond cleavage in the hydrolysis of ATP stimulated by 


DNP. 


Sev- 


EXPERIMENTAL 


Materials—DNP labeled with O* in the hydroxyl group was 
prepared by the alkaline hydrolysis of 2,4-dinitrochlorobenzene 
in H,O, approximately 1.3 atom per cent excess. The product 
was extracted with ether from the acidified reaction mixture and 
purified by sublimation in a vacuum. The ATP and the hexo- 
kinase (Type V) were obtained from the Sigma Chemical Com- 
pany. H,O'* was obtained from the Stuart Oxygen Company. 
Monopotassium hydrogen phosphate labeled with O'* was pre- 
pared as previously described (8). 

Methods—The mitochondria were prepared from rat livers in 
isotonic sucrose as described previously (8). The inorganic 
phosphate and 10-minute hydrolyzable phosphate were deter- 
mined by the Fiske-SubbaRow method (9). The amount of 
oxidation was determined by measuring the amount of aceto- 
acetate formed from 8-hydroxybutyrate. Acetoacetate was 
determined by the method of Greenberg and Lester (10). DNP 
was analyzed for O8 content by the HgCle method of Rittenberg 


* This work was supported by a grant from the National Science 
Foundation. 

+ Established Investigator of the American Heart Association. 

1 The abbreviations used are: DNP, 2,4-dinitrophenol; Pj, in- 
organic orthophosphate; Tris, — tris(hydroxymethyl)amino- 
methane. 


and Ponticorvo (11). The O" phosphate was isolated as 
Bas(PO,)2 and analyzed for its isotopic content by reduction 
with carbon as described previously (8). Nucleotides were 
separated from P; as described in reference (8); P*® was measured 
on dried aliquots with a thin window Geiger counter. 

Uncoupling of Oxidative Phosphorylation with DN P-O*%— 
Since the concentration of DNP was kept at the usual low level 
necessary for uncoupling, namely 6 x 10-5 mM, the experiment 
had to be done on an unusually large scale in order to permit 
isolation of sufficient DNP for O"8 analysis. A total volume of 
300 ml. of reaction mixture had the following composition: 
potassium phosphate buffer, pH 7.2, 0.02 m; MgCh, 0.01 m; 
AMP, 0.005 m; dl-6-hydroxybutyrate, 0.01 m; DNP-O", 6 x 
10-° m; rat liver mitochondria equivalent to 30 gm. wet weight 
of liver. The reaction mixture was shaken in a large flask for 
30 minutes at room temperature. Simultaneously, a control 
flask containing 3 ml. of reaction mixture with DNP omitted was 
run to determine the P:O ratio® of the mitochondria in the ab- 
sence of DNP. 

The reaction in the experimental flask was stopped by heating 
the mixture in a boiling water bath for 3 minutes. After centrif- 
ugation, the DNP was extracted from the acidified solution with 
ether, the DNP after reextraction into aqueous solution was 
purified by adsorption on norite and elution with alkaline ethanol; 
the extract was concentrated, acidified, and the DNP again ex- 
tracted into ether. The DNP was then extracted into dilute 
Na.CO; solution and acidified. By adsorption on tale and 
subsequent elution with acidified ethanol, a partial separation 
of the DNP from contaminating 8-hydroxybutyric acid was 
achieved. The ethanol solution was concentrated to dryness 
and the residue was dissolved in ether. The DNP content of the 
solution was determined by measuring the optical density of a 1 
per cent NasCO; extract of an aliquot at 360 my. Two parts 
of unlabeled DNP were added to the ether solution and the 
solution was evaporated to dryness. The DNP was further 
purified by sublimation in a vacuum. 

The purified DNP which retained only a trace of B-hydroxy- 
butyric acid was analyzed for O88. The initial concentration of 
O* in DNP was 0.26 atom per cent excess (equivalent to 1.30 
atom per cent excess in the phenolic hydroxyl) and the concen- 
tration in the DNP isolated from the reaction was 0.24 atom per 
cent excess after correction for dilution. In the experimental 
flask 180 umoles of acetoacetate were formed and no phosphate 
was esterified and in the control flask with DNP omitted, the 
P:O ratio for a 15-minute interval was 2.9. 

Effect of Various Concentrations of DNP on Phosphate Uptake 


? All P:O ratios refer to the ratio of P; uptake to acetoacetate 
formed. 


1574 


Dece 


versu 
were 
requi 
from 
requi 
onids 
the | 
serie: 
hydr 
per } 
the 1 
the ¢ 
Pi yw 
trati 
repla 
react 
is inl 
inhil 
DNI 
furth 
W 
take 
2.13 
2.20. 
the a 
lytic 
bond 
been 
anal: 
obta 
signi 
was 
the 1 
men 
if th 
had 
wou! 
valu 
of P 
latec 
inte} 
hibit 
valu 
4.5 | 
per 
0.06 
O'8 
is fu 
high 
oxid 
D 
pho: 
chat 
pho 
site 
senc 
the 
of o 
tot 
dire 
stin 





YUM 


ion 
ere 


red 


vel 
ent 
nit 
of 
on: 

M; 


ht 
for 
rol 
vas 
ab- 


ing 
rif- 
ith 
vas 
101; 


ute 
ind 
ion 
vas 
ESS 
the 
al 
rts 
the 
her 


xy- 
1 of 
30 
en- 
per 
ital 
ate 
the 


lake 


late 





December 1958 


versus Phosphate-O" Replacement—Two series of experiments 
were performed to determine whether the concentration of DNP 
required to inhibit the partial reaction measured by loss of O' 
from inorganic phosphate (12) differed from the concentration 
required to inhibit phosphate esterification under conditions of 
oxidative phosphorylation in mitochrondia. In the first series, 
the inorganic phosphate was labeled with O", in the second 
series, the water was labeled. In the first series, with dl-6- 
hydroxybutyrate as substrate, the uptake of P; was 5.1 umoles 
per ml. of reaction mixture, the P:O ratio was 2.7 and No1s, 
the number of cycles of reaction of oxygen in P; (8) was 2.96 in 
the absence of DNP. In Fig. 1, the percentage of inhibition of 
P; uptake and of No1s is plotted as a function of DNP concen- 
tration. It is apparent that the partial reaction, i.e. the oxygen 
replacement in P; is not inhibited preferentially to the over-all 
reaction, t.e. phosphate esterification; in fact, the latter reaction 
is inhibited to a somewhat greater extent. The plateau in the 
inhibition of both reactions in the region below 1 xX 10-5 m 
DNP has been observed in a number of experiments and is being 
further investigated. 

When the concentration of DNP was 6 X 10-5, the P; up- 
take was inhibited 100 per cent, the O" concentration in P; was 
2.13 + 0.10 atom per cent excess compared to an initial value of 
2.20. If the same amount of phosphate that was esterified in 
the absence of DNP, namely 10.1 wmoles, had undergone hydro- 
lytic cleavage of a phosphorylated intermediate with an O—P 
bond rupture, the O"* concentration of the final P; would have 
been 2.06 atom per cent excess. The experimental error in the 
analytical method did not exclude this possibility. In order to 
obtain experimental results which would be quantitatively 
significant for small changes in the O" concentration, the series 
was repeated twice with normal P; and H,O". The results of 
the two experiments are shown in Table I. In the first experi- 
ment, 16.8 umoles of P; were esterified in the absence of DNP; 
if the cleavage of this amount of a phosphorylated intermediate 
had occurred with an O—P split, the O'8 concentration of P; 
would be 0.127 + 0.006 atom per cent excess. The observed 
value at 6 xX 10-5 m DNP, the level of 100 per cent inhibition 
of P; uptake, was 0.123. In the second experiment the calcu- 
lated value for the same type of hydrolysis of a phosphorylated 
intermediate at 4.5 x 10-' m DNP, the level of 100 per cent in- 
hibition of P; uptake, is 0.092 atom per cent excess. If this 
value is corrected for the inhibition of oxidation observed at 
4.5 X 10-5 m DNP, the calculated O08 value becomes 0.081 atom 
per cent excess. The observed value as shown in Table I was 
0.067 atom per cent excess. It will be noted, however, that the 
O08 concentration of P; continues to decrease as the level of DNP 
is further increased; the inhibition of the O"8 exchange at these 
high concentrations of DNP is far in excess of the inhibition of 
oxidation. 

DNP-Stimulated Hydrolysis of ATP—The inhibition of the 
phosphate oxygen-water reaction by DNP might be caused by a 
change in the site of cleavage of the phosphate bond of a phos- 
phorylated intermediate of oxidative phosphorylation. If the 
site of bond rupture was normally between O and P in the ab- 
sence of DNP and was shifted to the other side of the oxygen in 
the presence of DNP, the observed result would be the retention 
of oxygen in P; or an apparent inhibition of the reaction leading 
to the exchange of P; and water. Although this cannot be tested 
directly, the site of bond cleavage in the hydrolysis of ATP 
stimulated by DNP, presumably involving the same phospho- 
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Fig. 1. Phosphorylation and loss of O' from PO, as a function 
of DNP concentration. The reaction mixture contained Tris 
buffer, pH 7.2, 0.038 m; PO,'* (2.2 atom per cent excess), 0.02 m; 
AMP, 0.0025 m; dl-8-hydroxybutyrate, 0.02 m; MgCle, 0.002 m; glu- 
cose, 0.05 m; hexokinase, 0.25 mg. (Sigma Type V); DNP as indi- 
cated; mitochondria equivalent to 0.4 gm. of fresh liver; the total 
volume was 2.0 ml. The incubation period was 20 minutes at 22°. 


TaBLe I 
Effect of various levels of DNP on P:0 ratios, phosphorylation and 
O'8 exchange 

The reaction mixture contained Tris buffer, 0.038 mM, pH 7.2; 
potassium phosphate, 0.02 m; AMP, 0.0025 m; dl-8-hydroxybutyr- 
ate, 0.02 m; MgClo, 0.002 m; glucose, 0.05 mM; hexokinase, 0.25 mg. 
(Sigma Type V); mitochondria equivalent to 0.4 gm. of fresh 
weight of liver; DNP and H.O'* concentrations were as indi 
cated; the total volume was 2.0 ml. 
15 minutes at 30°. 


The incubation period was 





5 





DNP | H~O"* atom Pp O'%8 in Pj L % inhibition 
M X per cent yonoles P:O atom per No'* 

10-5 | excess | cent excess P; | No! 
0 1.27 16.8 | 3.2) 0.624 | 2.69 | 

0.34 1.26 13.5 | 2.9] 0.525 | 2.16} 19.6 | 19.7 
0.58 | 1.26 13.3 |2.7| 0.543 | 2.25 | 20.8 | 16.4 
1.2 1.25 10.3 2.0) 0.467 1.86 | 38.7 | 30.9 
3.0 1.21 | 4.2 |0.7]| 0.372 1.47) 75.4 | 45.4 
4.5 1.19 0.7 | 0.1) 0.255 | 0.96 | 96.0 | 64.4 
6.0 1.15 | 0 0.123¢ | 0.46 | 100 | 83.0 
0 1.24 12.5 | 3.2| 0.475 | 1.92 | 

0.34 1.23 9.8 | 2.6| 0.463 | 1.88] 20.6| 2.1 
0.58 1.23 8.8 | 2.3) 0.439 | 1.77 | 29.6 | 7.8 
si Lae 5.8 | 1.6) 0.347 | 1.33 | 53.6 | 30.8 
3.0 1.18 1.5 (0.4 0.206 | 0.76) 88.0 | 60.4 
4.5 | 1.15 | O 0.067$ | 0.24 | 100 | 87.5 
6.0 | 1.12 | O 0.033 | 0.12 | 100 | 93.7 
120 | .99 o | 0.015 | 0.06 | 100 | 97.0 











* The number of cycles of oxygen replaced (see reference (8) 
for calculation). This value multiplied by the average value of 
the P; concentration yields the number of atoms of O exchanged. 
+ Calculated O"* value = 0.127 (see text). 
¢ Calculated O08 value = 0.081 (see text). 


rylated intermediate, can be investigated. ATP was incubated 
with mitochondria in the presence of DNP in a medium contain- 
ing H.O" and the O" content of the P; formed was determined. 
A trace of P;® was added to measure the extent of the ATP-P; 
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exchange which might be occurring simultaneously. Such an 
exchange is accompanied by an exchange of the oxygen of P; 
and HO as demonstrated by Boyer et al. (5). The results of 
the experiment are presented in Table II. The theoretical 
value for O" in the P; formed would be one-fourth of the O'* 
concentration in the water for a split between O and the terminal 
P of ATP, i.e. 0.17 atom per cent excess and would be zero if the 
bond were ruptured on the other side of the oxygen. In the 
absence of DNP, the O"* concentration is much higher because of 
the P\-H,O exchange reaction accompanying the ATP-P; ex- 
change indicated by the P® found in ATP. In the presence of 
DNP, the ATP-P; exchange is almost completely inhibited and 
the O" concentration in the P; formed was found to be 0.19 atom 
per cent excess, indicating that the bond between O and the 
terminal P of ATP had been split. 


DISCUSSION 

Two interrelated aspects of the action of DNP must be con- 
sidered: (a) the site of its action in the sequence of phosphoryl- 
ation reactions and (b) the nature of the chemical reaction which 
it undergoes at this site. The experiments which show that 
DNP labeled with O" in the phenolic hydroxyl group retains 
its oxygen when acting as an uncoupler, bear on the mechanism 
of the reaction it undergoes rather than directly on the site of 
its action. The findings exclude the formation and breakdown 
of any intermediate which would involve the cleavage of the 
C—O bond of the DNP. Cleavage of an intermediate of the 
type C—O—R could, of course, occur between O and R, so that 
only intermediates in which the bridge oxygen has been removed 
(t.e. C—S—R, C—N—R, etc.) are absolutely excluded. 

The simplest formulation of the role of DNP would assign a 
single site of action to DNP which explained all of its effects in- 
cluding the inhibition of phosphorylation without inhibition of 
oxidation, the inhibition of O" replacement in Pj, the inhibition 
of ATP-P;* exchange, and the stimulation of ATPase activity. 
Some alternative sites of action of DNP which have been pro- 
posed are indicated in the following schematic representation of 
the phosphorylation sequence: 


x +C 
tT DNP (1) 
X ~ C + HOPO;> 


[ps P (2) 


X ~ PO; + COH $ ATP + X 
DNP of ft 
; H.0 


| | 
X ~ DNP + HOPO.- X + DNP ~ PO, 


X + DNP oie + HOPO;- 
where X ~ C arises from oxidation in the electron transport 
system. 

The demonstration in the present study that one oxygen in 
P; is derived from water in the DNP stimulated hydrolysis of 
ATP fails to distinguish among the possible sites of DNP action. 
This finding can support either of two arguments (a) that DNP 
acts on the coupled reaction (Site 1 or 2) by preventing the up- 
take of P; but not interfering with the usual course of the reversal 
of the over-all sequence in which oxygen from water is normally 


Uncoupling Action of 2 ,4-Dinitrophenol 


Vol. 233, No. 6 


TasBe II 
DNP-stimulated hydrolysis of ATP in H.O0' 

The reaction mixture contained Tris buffer, 0.01 m; MgCl., 
0.0167 m; ATP, 0.017 m; P* in trace amount of P;, mitochondria 
equivalent to 0.3 gm. of fresh liver; the total volume was 1.5 ml. 
The incubation period was 15 minutes at room temperature. 
H.0"* of medium was 0.68 atom per cent excess. 


l 








pr o" 
. umoles | Atom per cent excess 
DNP of Pj ‘ 
formed i ; ATP ‘Siamese Ei 

c.p.m./umole | c.p.m./umole | Labile 

Pj labile P| P; |phosphate of 
P 
0 11 7,760 6, 900 0.39 0.08 
6X 10° M 32 | 13,600 625 0.19 0.00 





introduced into Pi, or (b) that DNP does interact with a phos- 
phorylated intermediate (Site 3) but again oxygen from water is 
introduced into P; by hydrolysis of a DNP phosphate intermedi- 
ate involving the rupture of an O—P bond. 

A consideration of the effect of DNP on the partial reaction, 
namely the phosphate oxygen exchange reaction, would seem to 
offer the most promise for locating the site of action of DNP. 
The inhibition of the phosphate oxygen exchange reaction in 
oxidative phosphorylation by DNP has been used as an argu- 
ment for placing the site of DNP action early in the sequence be- 
tween the site of oxido-reduction and ATP formation. It has 
further been postulated to be before the initial esterification 
reaction (Site 1 or 2) on the basis that if a phosphorylated inter- 
mediate were formed and hydrolyzed under the influence of DNP 
(Site 3), at least one oxygen in P; would be derived from oxygen 
of H.O for each P; which was abortively esterified. It is doubt- 
ful that the small amount of oxygen exchange predicted on this 
basis would have been detected under the experimental condi- 
tions previously used. Therefore Site 3 had to be reconsidered. 

In uninhibited oxidative phosphorylation the oxygen of in- 
organic phosphate is replaced more rapidly than phosphate is 
esterified, indicating, according to the above scheme, that the 
formation of X ~ PO; is not rate limiting. Action of DNP at 
Sites 1 or 2 might be expected either to affect the partial (oxygen 
exchange) and over-all reactions equally or to inhibit the oxygen 
exchange preferentially. The finding that DNP inhibits the 
formation of ATP more than it does the phosphate oxygen ex- 
change favors Site 3 as the locus of DNP action. 

If DNP were acting at Site 3, the oxygen introduced into 
P; from water at low concentrations of DNP would be derived 
not only from the reversal of esterification but also from the 
introduction of oxygen into P; from water in the hydrolytic 
breakdown of X ~ PO;3. The data in Table I show that the 
O** content of P; at a concentration of DNP which completely 
inhibits ATP formation, corresponds to the number of oxygen 
atoms which would be introduced by hydrolysis of the number 
of molecules of P; which the system is capable of esterifying in 
the absence of DNP. It would be tempting to assign Site 3 as 


’ Boyer has presented a thorough discussion of possible modes 
of action of DNP, at the conclusion of which he inclines to a 
mechanism equivalent to Site 1 as the locus of action. (Manu- 
script for presentation at the International Symposium on En- 
zymes, Japan, October, 1957 by P. D. Boyer entitled “On the na 
ture of the oxidative phosphorylation process.’’) 
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the site of action of DNP in view of the agreement between the 
observed and anticipated values. However, there are several 
alternative explanations of these observations and the agreement 
may be fortuitous. The introduction of O into P; from the 
water at a concentration of DNP which totally inhibits net ATP 
formation does not exclude a low level of P;-water exchange re- 
sulting from the presence of a small amount of X ~ PO; or ATP. 
The report of Luchsinger et al. (12) on the inhibition of ATP-P; 
exchange in mitochondria at much lower levels of DNP than are 
required to inhibit P;-H.O oxygen exchange supports this in- 
terpretation. 

Furthermore, if one assumes that no new type of inhibition 
comes into play at concentrations of DNP above 5 x 10-5 m, 
then Site 3 is ruled out because it is possible at concentrations 
of DNP above 5 X 10-° m to depress the oxygen incorporation 
below 1 atom per molecule of P; which could have been esterified 
(Table I). As was pointed out in the discussion of the ATPase 
experiment, DNP would be expected to effect an O—P split if it 
acted on a phosphorylated intermediate; since it is not possible 
to show such a cleavage from the inorganic phosphate direction 
at very high levels of DNP, it becomes difficult to maintain that 
DNP acts on a phosphorylated intermediate (Site 3). 

It becomes difficult to uphold Site 1 or 2 as the sole site of DNP 
action if one considers the behavior of acetone powders of liver 
mitochondria; the ATPase activity of these particles has been 
shown by Lardy and Wellman (4) to respond to DNP in a man- 
ner similar to intact mitochondria. Such particles, however, 


G. R. Drysdale and M. Cohn 


1577 


seem to lack the capacity to carry out the sequence of reactions 
of oxidative phosphorylation or to catalyze the ATP-P,;” ex- 
change and the phosphate oxygen exchange reactions at an ap- 
preciable rate.* Yet action of DNP on this preparation at Sites 
1 or 2 would require the operation of the whole sequence of phos- 
phorylation reactions. Thus, although some of the possible 
modes of action of DNP can be excluded, the available data do 
not permit the decisive assignment of a single site of action for 
all the effects of DNP in the sequence of phosphorylation reac- 
tions associated with oxidation in the electron transport system. 


SUMMARY 


1. When oxidative phosphorylation is uncoupled with 2,4- 
dinitrophenol O"*H, no oxygen is lost from the 2, 4-dinitrophenol 
OH. 

2. The replacement of the oxygens of inorganic orthophosphate 
from water which is observed during the course of oxidative phos- 
phorylation is less sensitive to 2,4-dinitrophenol than is the 
over-all process of oxidative phosphorylation. 

3. When the hydrolysis of adenosine triphosphate by mitochon- 
dria is catalyzed by 2,4-dinitrophenol, the adenosine triphos- 
phate is cleaved between the terminal phosphate and the bridge 
oxygen. 


Acknowledgment—The authors wish to thank Mr. Allan Rossel 
for his technical assistance. 
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Previous papers in this series have reported the hypoxanthine- 
dependent oxidation of sulfite by cyanide-inhibited xanthine 
oxidase (1) and experiments which permitted postulation of the 
structure of the active site of this enzyme (2). In the present 
study, xanthine oxidase acting on its substrates has been found 
to initiate the aerobic oxidation of sulfite by free radical chains 
of great length (3). Since each initiating event causes the 
oxidation of many sulfite ions, the latter process serves as an 
“amplifier” of the aerobic oxidation of purine substrates when 
followed manometrically, thereby permitting observation of the 
oxidation of purines at very low enzyme and substrate concen- 
trations. 

The various published Michaelis constants for the oxidation 
of hypoxanthine and of xanthine by milk xanthine oxidase are 
in poor agreement. Application of the sulfite oxidation assay 
has permitted direct determination of these constants. 


EXPERIMENTAL 


Materials and Methods—The xanthine oxidase used in these 
studies was the milk enzyme prepared by the Worthington 
Biochemical Corporation. This preparation, whose specific 
activity was only 3 per cent of that reported by Avis et al. (4) 
for their best crystalline fractions, was used as such without 
further purification. Manometric measurements were performed 
in standard Warburg micro respirometers at 38° with air as the 
gas phase. The fluid phase was buffered at pH 7.8 by 0.050 m 
potassium phosphate containing 0.005 per cent Versene (diso- 
dium salt of ethylenediaminetetraacetic acid, Dow Chemical 
Company) Fe-3 and 10 ug. per ml. of crystalline bovine se- 
rum albumin. Spectrophotometric measurements were per- 
formed in a Beckman model DU spectrophotometer, adapted 
to utilize cuvettes with 10.0-cm. light paths and maintained 
thermostatically at 25°. Determinations of Michaelis con- 
stants were performed in 10.0-cm. silica cuvettes. Measure- 
ments of protein concentration by the method of Warburg 
and Christian (5) and routine assays of xanthine oxidase activ- 
ity by the method of Kalckar (6) were performed in 1.0-cem. 
cuvettes. 

Oxidation of Sulfite by Xanthine Oxidase—Xanthine oxidase, 
at very low concentration, was found to catalyze rapid oxidation 
of sulfite in the presence of hypoxanthine. Hypoxanthine 
could be replaced by purine or xanthine. In the absence of 
purine substrates, the enzyme was without effect. on sulfite 
oxidation. The metal-catalyzed, aerobic oxidation of sulfite is a 


* These studies were supported in part by Grant RG-91 from the 
National Institutes of Health, United States Public Health 
Service, and by Contract AT-(40-1)-289 between Duke University 
and the United States Atomic Energy Commission. 
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free radical, chain reaction and, as would be expected of such 
reactions, the average chain length increases in proportion to 
sulfite concentration and decreases as the number of parallel 
chains increase (3). This behavior is also shown by the enzyme- 
catalyzed reaction. As shown in Fig. 1, at constant sulfite 
concentration, the rate of oxygen consumption is proportional 
to xanthine oxidase concentration only at low levels of the 
enzyme, and, as shown in Fig. 2, the rate of oxygen uptake is 
proportional to sulfite concentration when the level of enzyme 
and hypoxanthine are held constant. Thus, sulfite oxidation, 
initiated by xanthine oxidase, provides a manometric assay of 
the enzyme or of its substrates whose sensitivity can be altered 
by varying the concentration of sulfite. Spontaneous oxidation 
becomes appreciable at high sulfite concentration but may be 
corrected for by appropriate controls from which hypoxanthine 
has been omitted. 

As an illustration of the sensitivity of this method, a solution 
of xanthine oxidase which contained 0.06 wg. protein per ml. 
catalyzed an optical density change of only 2.5 X 10-5 per minute 
at 290 my when acting on 5 X 10-° mM hypoxanthine, equivalent 
to the oxidation of 2.1 X 10-® wmoles of hypoxanthine to urate 
per minute per ml. At the same concentration of hypoxanthine 
but in the presence of 180 umoles of sodium sulfite, 2.2 ml. of 
this enzyme solution catalyzed an oxygen consumption of 16 ul. 
or 0.7 wmole per 10 minutes. Thus, every electron pair removed 
from the purine by the enzyme initiated the oxidation of 33,000 
molecules of sulfite. 

Sulfite Oxidation Applied to Determination of K,, for Purine 
Substrates—Dialyzed xanthine oxidase, containing 0.25 mg. of 
protein per ml. and catalyzing an optical density change at 290 
my of 0.050 per minute when acting on 10-4 m hypoxanthine, 
was diluted 100-fold. 1 ml. of this diluted enzyme and 0.8 ml. 
of buffer were placed in the main compartment of Warburg 
flasks whose side arms contained 60 umoles of sodium sulfite 
and 0.20 to 0.20 * 10-* ymoles of hypoxanthine in 0.40 ml. of 
buffer. Controls from which hypoxanthine had been omitted 
were included. After 10 minutes of thermal equilibration, 
manometer stop cocks were sealed and the side arm contents 
added. The initial rates of gas uptake and the corresponding 
hypoxanthine concentrations are plotted as reciprocals according 
to Lineweaver and Burk (7) in Fig. 3. The Michaelis constant 
calculated from this data is 1.13 K 10°¢ mM. Under identical 
circumstances the K,,, for xanthine was found to be 2.76 & 10-®M. 

Spectrophotometric Determination of Michaelis Constants 
The constants obtained by the sulfite oxidation assay are con 
siderably lower than those reported in the literature (8). Thus, 
it appeared desirable to redetermine these constants by more 


conventional spectrophotometrie methods. Complete oxidation 


78 





Decem 


pl. 02/30 MIN. 


Fic. 
The in 
of enz, 
sodium 
amoun 
aratior 
pumoles 
at, 25°. 

Fic. 
concen 
1.37 yg 
sulfite 
potassi 


Fe-III 


Fia 
of hyp 
of oxy 
xanthi 
zyme, 
poxan 


of hy] 
1.0 en 
at 291 
theref 
densit 

En: 
buffer 
30.0 1 
at 30- 
at 30 
at 28 
the x 
isosbe 
calcul 


XUM 


dd 
n 
e 


1c 





December 1958 




















507 50 
407 40+ 
: 2 
z = 
z= 307 307 
° 
8 ~ 
~— ow 
& 207 o 20 
4 
x 107 > 10 
24680124 20 60 100 140 160 


yp GM ENZYME PER FLASK » MOLES Na,SO, PER FLASK 


Fia. 1 (left). The oxidation of sulfite by xanthine oxidase. 
The initial rate of oxygen consumption is plotted as a function 
of enzyme concentration. Each flask contained 20 ymoles of 
sodium sulfite, 0.50 wmole, of hypoxanthine and the indicated 
amounts of enzyme in a final volume of 2.2ml. This enzyme prep- 
aration was capable of catalyzing the oxidation of 3.6 x 10~* 
umoles of hypoxanthine per yg. of protein per ml. in 10 minutes 
at 25°. 

Fic. 2 (right). Oxygen consumption as a function of sulfite 
concentration. Each flask contained 0.05 umole of hypoxanthine, 
1.37 wg. of xanthine oxidase and the indicated amounts of sodium 
sulfite in a final volume of 2.2 ml. buffered at pH 7.8 by 0.050 m 
potassium phosphate and containing 0.005 per cent Versene 
Fe-III and 10 ug. per ml. of crystalline bovine serum albumin. 
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Fic. 3. Sulfite oxidation assay of xanthine oxidase as a function 
of hypoxanthine concentration. The reciprocal of the initial rate 
of oxygen uptake is plotted against the reciprocal of the hypo- 
xanthine concentration. Each flask contained 2.5 yg. of en- 
zyme, 60 umoles of sodium sulfite and the indicated amounts of hy- 
poxanthine in a final volume of 2.2 ml. buffered at pH 7.8. 


of hypoxanthine to uric acid, at concentration equal to K,, in a 
1.0 cm. cuvette would result in a total optical density increment, 
at 290 my, of only 0.012. Cells with 10.0-cm. light paths were, 
therefore, essential to obtain reproducibly measurable optical 
density changes at such low concentrations of substrate. 
Enzyme and substrate solutions were prepared in phosphate 
buffer. At zero time 0.20 ml. of enzyme solution was added to 
30.0 ml. of substrate solution and optical density was recorded 
at 30-second intervals. The oxidation of xanthine was followed 
at 300 my whereas the oxidation of hypoxanthine was followed 
at 280 my to eliminate interference from further oxidation of 
the xanthine generated. Xanthine and uric acid exhibit an 
isosbestic point at this wave length. The Michaelis constants 
calculated from measurements at these wave lengths were 1.32 X< 
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Fic. 4. The variation of K,, and of Vmax for xanthine oxidation 
by xanthine oxidase as a function of pH, as determined in 0.050 m 
potassium phosphate (©) and in 0.050 m Tris-HCl (0). Both 
buffers contained 0.005 per cent Versene Fe-III. Vmax is ex- 
pressed as umoles of xanthine converted to uric acid per minute 
per ml. of reaction mixture. Molar extinction coefficients for the 
conversion of xanthine to urie acid at each pH weré obtained from 
absorption spectra of xanthine and of uric acid which were de 
termined at pH 7.0, 7.8, and 8.5 in the phosphate buffer. 
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Fic. 5. The effect of pH on the K,, of xanthine oxidation cata- 
lyzed by xanthine oxidase as determined in several buffers and 
buffer mixtures: 

0.020 m Tris-HCl (©); 0.020 m Tris-HCl + 0.050 m NaCl (@); 
0.050 m Tris-HCl (@); 0.020 m Tris-HCl + 0.010 m potassium 
phosphate (QD); and 0.10 w Tris-HCI (A). 


10-* m for hypoxanthine and 2.65  10-* m for xanthine, thus 
affording excellent agreement with the constants obtained from 
the manometric sulfite oxidation assays. 

Variation of K,, with pH—Because the published Michaelis 
constants for xanthine oxidase have been obtained at varying 
pH and in different buffers, the effect of these variables was 
briefly investigated. Variation of pH from 7.0 to 7.8 was with- 
out effect on K,, for xanthine when determined in 0.05 m_ po- 
tassium phosphate, but resulted in a profound increase in K,, 
when measured in 0.05 m Tris'-HCl. These results are illus- 
trated in Fig. 4. It will be seen that the changes in K,, were 
paralleled by changes in Vinax. As shown in Fig. 5, the increase 
of K,, with pH was most pronounced in dilute Tris-HCl and 
became less apparent as the buffer concentration was raised to 


'The abbreviation used is: Tris, tris(hydroxymethy!)amino- 
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0.10 m. Addition of 0.050 m sodium chloride to a 0.02 m Tris- 
HCI buffered system had little effect on the variation of K,, with 
pH. In contrast, addition of 0.010 m potassium phosphate to 
the 0.02 m Tris-HCl profoundly repressed the variation of K», 
with pH. In all cases the changes in K,, were accompanied by 
the parallel changes in V mas. 


DISCUSSION 


The ability of xanthine oxidase, operating on its substrates, to 
initiate aerobic oxidation of sulfite provides an analytical tool 
of extreme sensitivity. However, its application is limited to 
systems relatively free of the variety of heavy metal ions and 
autoxidizable dyes which catalyze the autoxidation of sulfite 
and of “chain-stopping” organic compounds. The utility of 
sulfite oxidation as an assay for xanthine oxidase activity is 
illustrated by the ease of determination of Michaelis constants 
which are too low to be determined readily by conventional 
spectrophotometry. Since it depends on manometry, the sulfite 
oxidation assay may be most useful in systems which are turbid 
or which contain ultraviolet absorbing components and hence 
are difficult to follow by spectrophotometry. 

Mackler et al. (6) have reported K,, for hypoxanthine and 
xanthine to be 4.7 X 10-5 and 5.0 X 10° respectively. These 
were determined in 0.040 m potassium phosphate at pH 7.0 and 
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pears likely that long extrapolations from measurements made 
at relatively high substrate concentrations were the sources of 
error. Krebs and Norris (9) and Wyngaarden (10) reported 
Michaelis constants lower than those cited by Mackler et al. (8) 
but somewhat higher than those reported herein. The K,, for 
xanthine, determined in i0-cm. optical cells by Lowry et al. (11) 
was of the same order as that reported here. 

The variation of K, and Vmax with pH in dilute Tris-HCl 
and the suppression of that variation by phosphate must be 
related to events at the active enzymic site and should, ulti- 
mately, aid in understanding these events. At present, however, 
no satisfactory explanation is apparent. 

The possible inferences concerning the mechanism of action of 
xanthine oxidase, which may be drawn from the fact of sulfite 
oxidation by this enzyme, will be considered in the following 
paper (12). 


SUMMARY 


Xanthine oxidase, acting on purine substrates, initiates the 
aerobic oxidation of sulfite. This phenomenon is used to provide 
an extremely sensitive assay of thisenzyme. The utility of the 
sulfite oxidation assay is illustrated by determination of the 
Michaelis constants for hypoxanthine and xanthine. The 
constants thus obtained were found to be in excellent agreement 


appear to be high by more than an order of magnitude. It ap- with those obtained by appropriate spectrophotometric methods. 
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It has been proposed that the active site of xanthine oxidase 
includes two molecules of FAD bridged by a pair of ferric mer- 
captide groups (1). This site is postulated to function as fol- 
lows: Purine substrates are bound by the isoalloxazine ring 
system of one FAD which is reduced by direct transfer of hy- 
drogen. The leukoflavin thus generated is not autoxidizable 
but must transfer one electron to each of the ferric mercaptides. 
The pair of ferrous atoms thus generated transfer electrons, in 
turn, to the second FAD which may be reoxidized by oxygen or 
dyes. The second FAD, like the first, exhibits affinity for pu- 
rines. Such binding blocks interaction with oxygen or dyes, 
thus giving rise to the phenomenon of excess substrate inhibition. 
This postulated sequence includes electron transport by the iron 
atoms at this active site. Since much of the evidence suggesting 
internal electron transport by the metal components of metallo- 
flavoproteins has been found to be lacking in rigor (2), it appeared 
particularly important to investigate more closely the role of iron 
in the function of the active site of xanthine oxidase. The addi- 
tional evidence reported below further supports the proposed 
electron transport function of the enzyme-bound iron. 


EXPERIMENTAL 


Materials and Methods—A commercial preparation of milk 
xanthine oxidase prepared by the Worthington Biochemical 
Corporation was used without further purification other than 
dialysis. Unless otherwise stated, all manipulations were per- 
formed in 0.05 m potassium phosphate, pH 7.8, containing 0.005 
per cent Versene Fe-3. Cytochrome c was the Sigma Chemical 
Company’s horse heart preparation. Catalase was the twice 
recrystallized beef liver enzyme prepared by the Worthington 
Biochemical Corporation and was well dialyzed against buffer 
before use. Uricase was prepared from porcine liver mitochon- 
dria according to Mahler et al. (3). Soluble succinic dehy- 
drogenase was prepared from beef heart mitochondria according 
to Kearney and Singer (4). Glucose oxidase was purified by 
ethanol fractionation from a crude commercial preparation 
generously donated by Eli Lilly and Company. Yeast alcohol 
dehydrogenase was the crystalline material prepared by the 
Worthington Biochemical Corporation. We are indebted to 
Dr. G. W. Schwert, Jr., for a sample of crystalline beef heart 
lactic dehydrogenase. Spectrophotometric measurements were 
performed with a Beckman model DU spectrophotometer in 3- 
ml. silica cuvettes. The cell compartment was maintained at 
25° by means of thermospacers. The rate of oxygen reduction 


* These studies were supported in part by Grant RG-91 from 
the National Institutes of Health, United States Public Health 
Service, and Contract AT-(40-1)-289 between Duke University and 
the United States Atomie Energy Commission. 


by xanthine oxidase was determined by estimation of urate 
production indicated by its absorption at 290 or 300 my accord- 
ing to Kalckar (5). The rates of reduction of cytochrome c 
and of ferricyanide by hypoxanthine in the presence of xanthine 
oxidase were followed by modifications of the methods described 
by Mackler et al. (6). 

Influence of Excess Substrate Concentration on Cytochrome c 
Reduction—Weber et al. (7) reported that reduction of cyto- 
chrome c is readily effected by chelated ferrous ions. If ferric 
mercaptides on the enzyme are reduced in the course of electron 
transfer from the substrate, then it appears possible that reduc- 
tion of cytochrome c by xanthine oxidase might occur by direct 
transfer of electrons from ferrous iron at the active site to ferri- 
cytochrome c. Were this so, the second FAD would not par- 
ticipate in electron transfer from substrate to cytochrome c, and 
the reaction should not be susceptible to excess substrate inhi- 
bition, assuming that the postulated mechanism of this phe- 
nomenon is correct. Comparison was made of the influence of 
hypoxanthine concentration on the rates of oxygen and cyto- 
chrome c reduction. As illustrated in Fig. 1, high concentrations 
of hypoxanthine strongly inhibited oxygen reduction but slightly 
accelerated cytochrome c reduction. Mazur et al. (9) have 
investigated the reduction of the iron of ferritin by xanthine 
oxidase anaerobically and observed that, like cytochrome c 
reduction, it is not subject to inhibition by high concentrations 
of hypoxanthine. 

Ferricyanide Reduction—Mackler, Mahler, and Green (6) 
have used ferricyanide and cytochrome c interchangeably as 
one-electron acceptors for xanthine oxidase. It appeared reason- 
able to expect that the xanthine oxidase-catalyzed reduction of 
ferricyanide, like cytochrome c reduction and reduction of the 
iron of ferritin, should not exhibit excess substrate inhibition 
Surprisingly, however, ferricyanide reduction, measured as a 
decrease in optical density at 415 my, was found to be inhibited 
by excess hypoxanthine to the same extent as oxygen reduction. 
However, uric acid, per se, was found to cause rapid reduction 
of neutral or alkaline solutions but not of acid solutions of ferri- 
cyanide, as is shown in Fig. 2. One mole of urate reduced two 
equivalents of ferricyanide in neutral solution and slightly less 
than two equivalents in alkaline solution. Neutral solutions of 
cytochrome c were not reduced by urate. Thus, it appears that, 
whereas under anaerobic circumstances ferricyanide may act as a 
one-electron acceptor for xanthine oxidase, in the aerobic assay 
employed by Mackler et al. (6), ferricyanide reduction reflects 
the usual aerobic oxidation of hypoxanthine or xanthine to uric 
acid. 

Mechanism of Cytochrome c Reduction—Although there is 
agreement in the literature that xanthine oxidase can catalyze 
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ia a ° chrome ¢ by xanthine oxidase. Weber et al. (12) stated that 

2 2 : xanthine oxidase catalyzed reduction of ferric iron by hypoxan- 
8: 9 10 a thine in the presence of o-phenanthroline. They observed that 
> « this reduction was more rapid aerobically than anaerobically and 
g _ was inhibited by catalase, and concluded that H,Os, generated 
8. 06 by the enzyme, was the iron reductant. Similar observations 
3 a were recorded with cytochrome c which was also presumed to 
& ‘- be reduced by H,O2. Doisy et al. (13) reported that the ferric 
02 complex of 8-hydroxyquinoline accelerated the reduction of 

cytochrome c by xanthine oxidase and hypoxanthine. 




















MINUTES 

Fic. 1. Effects of excess substrate on xanthine oxidase: com- 
parison of oxygen and cytochrome c reduction. 

Oxygen reduction was followed as uric acid production assayed 
at 300 mu. Each cuvette contained 30 units (8) of crystalline 
catalase, 0.5 mg. of xanthine oxidase and the following concen- 
trations of hypoxanthine, (1) 3.2 X 10-4 m, (2) 1.61 X 10-* m, 
(3) 6.25 X 10-* M, in a final volume of 3.1 ml. buffered at pH 7.8 
by 0.050 m potassium phosphate containing 0.005 per cent Versene 
Fe-3. 

Cytochrome c reduction was followed at 550 my. Cuvette 
contents were identical to those in the oxygen-reduction assay 
except that each cuvette contained 0.56 per cent cytochrome c in 
addition to the other components. 
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Fic. 2. Reduction of ferricyanide by uric acid. Potassium 
ferricyanide was dissolved in 0.1 N HCl (O), in 0.1 n KOH (D), 
and in 0.050 m potassium phosphate, pH 7.8, containing 0.005 per 
cent Versene Fe-3 (A). To 3.0 ml. of these solutions in silica 
cuvettes, 0.10-ml. aliquots of a solution containing 1.0 umole uric 
acid per ml. were added. After each addition the cuvette con- 
tents were stirred and optical density was determined at 415 mu 
against a solvent blank. 


reduction of cytochrome c by its purine substrates (10, 11) there 
is little accord as to the mechanism or circumstances of this 
reduction. Horecker and Heppel (10) reported that reduction 
of cytochrome c by xanthine oxidase was sluggish under anaerobic 
conditions and was accelerated by oxygen. Morell (11) stated 
that cytochrome ¢ reduction by xanthine oxidase was faster 
under anaerobic conditions than in the presence of oxygen, that 
oxygen competed with cytochrome c as the electron acceptor, 
that high levels of catalase must be used to destroy the H,0, 
generated aerobically to prevent reoxidation of ferrocytochrome 
¢ by H,O., and that phosphate and other buffers inhibited cyto- 
chrome ¢ reduction by xanthine oxidase. Mackler et al. (6) 
reported that phosphate is essential for the reduction of cyto- 


The various suggestions that cytochrome c reduction by xan- 
thine oxidase is a secondary result of the primary aerobic reac- 
tion appeared to be incompatible with the present observation 
that cytochrome c reduction is not subject to excess substrate 
inhibition in contrast to the aerobic reaction. Accordingly, it 
was deemed of interest to examine more closely several aspects 
of the reduction of ferric iron and of cytochrome c. Hydrogen 
peroxide, 10-4 m, did not reduce ferricytochrome c nor did it 
oxidize ferrocytochrome c. The impure xanthine oxidase prep- 
aration catalyzed rapid reoxidation of ferrocytochrome ec by 
H,O2, thus serving as a ferrocytochrome c peroxidase. This 
reaction is presently being further investigated. Addition of 
10 wg. per ml. of catalase completely prevented this reaction. 
As expected from these observations, aerobic reduction of cy- 
tochrome c by xanthine oxidase plus hypoxanthine was not 
possible in the absence of catalase. Excess catalase, e.g. 6 to 
54 wg. per ml., did not inhibit cytochrome c reduction in this 
system. 

Ferric ammonium sulfate, 10-* M, was incubated with phos- 
phate buffered solutions of hydrogen peroxide and of uric acid, 
each at 10~* M in the presence of o-phenanthroline. Hydrogen 
peroxide did not effect reduction of the iron whereas uric acid 
did. Thus, it appears that reduction of inorganic iron by xan- 
thine oxidase plus a purine substrate is because of the uric acid 
generated and not because of the hydrogen peroxide, whereas 
reduction of cytochrome ¢ can be ascribed to neither hydrogen 
peroxide nor uric acid. Since ferrous chelates can directly 
reduce cytochrome c (7) and reduction of ferric iron is readily 
effected by uric acid, it is apparent that trace contamination of 
either xanthine oxidase or cytochrome c with iron could account 
for the repeatedly observed acceleration of cytochrome c reduc- 
tion by oxygen. The inhibition of cytochrome c reduction by 
excess catalase, reported by others but not confirmed in this 
study, is not readily explained unless the catalase itself contained 
an inhibitor of xanthine oxidase. In contrast to the report of 
Mackler et al. (6), no effect of phosphate on the initial rate of 
cytochrome c reduction by xanthine oxidase plus hypoxanthine in 
a tris(hydroxymethyl)aminomethane-HCl buffered system was 
observed. 

Initiation of Sulfite Oxidation by Xanthine Oxidase—Ferrous 
sulfate is quite stable in acid solutions but readily autoxidizes 
in neutral or alkaline solutions. Thus, 10-* m FeSO, in water 
continued to give a red color with o-phenanthroline after 24 
hours of incubation in an open tube at 25°, but this reaction 
disappeared within 10 minutes if incubated in phosphate buffer 
at pH 7.8. Since the postulated electron transport function of 
the iron of xanthine oxidase involves transient existence of the 
ferrous state, it appeared possible that a fraction of this ferrous 
iron might directly interact with oxygen and produce an oxygen- 
free radical as follows: 


Fet*+ + O. — Fett* + -O7 
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Fia. 3. Sulfite oxidation catalyzed by ferrous sulfate (@) and 
ferric sulfate (A). Each Warburg flask contained in the main 
compartment 20 ymoles of sodium sulfite in a final volume of 1.7 
ml. of 0.050 m potassium phosphate, pH 7.8. The side arms con- 
tained 0.50 ml. of 10-? m ferrous sulfate (@) or of ferric sulfate (A) 
in aqueous solution. After 10 minutes of thermal equilibration at 
38° the stop cocks were sealed and the side arm contents added to 
the sulfite solutions. 


If the autoxidation of ferrous salts proceeds in this manner, 
generating the -O.~-free radical, such solutions should initiate 
sulfite autoxidation (14) whereas ferric sulfate should not. 
Water solutions of these salts were placed in the side arms of 
Warburg vessels and, after thermal equilibration, added to 
phosphate buffered solutions of sulfite. As seen in Fig. 3, fer- 
rous sulfate was a much better catalyst of sulfite oxidation than 
was ferric sulfate. This property of ferrous sulfate was abolished 
by incubation in phosphate buffer for 20 minutes at 38° before 
addition of the sulfite. The slight catalytic activity of ferric 
sulfate may relate to a very slow reduction of ferric to ferrous 
iron by the sulfite. The interaction with oxygen of enzyme- 
bound ferrous iron, formed during the proposed internal electron 
transport, may well explain the observed initiation of sulfite 
oxidation by xanthine oxidase plus its purine substrates (15). 
Were this the case, then sulfite oxidation by xanthine oxidase, 
like cytochrome c reduction, should not be susceptible to in- 
hibition by excess substrate, since those electrons from the 
purine substrates which are effective in initiating sulfite oxidation 
need not pass through the second molecule of FAD. As seen in 
Fig. 4, the sulfite oxidation assay of xanthine oxidase (15) is 
not inhibited but rather is somewhat accelerated by concen- 
trations of hypoxanthine which, ordinarily, markedly inhibit 
the usual oxygen reduction assay. 

Effect of pH on Inhibition of Xanthine Oxidase by Excess 
Substrate—Since the rate of autoxidation of ferrous salts in- 
creases with increasing pH, it appeared desirable to determine 
whether ferrous iron, generated at the active site of xanthine 
oxidase, also becomes increasingly susceptible to direct oxidation 
by oxygen with increasing pH. Since electrons passing directly 
to oxygen from ferrous iron would bypass the second flavin, 
their transfer should not be susceptible to inhibition by excess 
substrate. Hence, the extent of inhibition by excess substrate 
should diminish as pH rises, if iron autoxidation becomes more 
prominent. The rate of urate production by xanthine oxidase as 
a function of hypoxanthine concentration was investigated at 
pH 5.5 in 0.066 m potassium phosphate and at pH 7.7, 9.1, and 
10.1 in 0.066 M potassium bicarbonate-carbonate. All buffers 
contained 0.005 per cent Versene (disodium salt of ethylene- 
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Fic. 4. Effect of excess hypoxanthine on the initiation of sul- 
fite oxidation by xanthine oxidase. Each flask contained 37 yg. 
of xanthine oxidase, 20 wmoles of Na.SO;, and the following con- 
centrations of hypoxanthine, (a) 3.2 X 10-* m, (6) 1.61 K 10-* Mm, 
(c) 6.25 X 10-* M, in a final volume of 2.2 ml. of 0.05 m potassium 
phosphate, pH 7.8, containing 0.005 per cent Versene Fe-3. Con- 
trols from which xanthine oxidase or hypoxanthine had been 
omitted exhibited no oxygen uptake. Reaction was started after 
10 minutes of thermal equilibration by addition of enzyme to the 
buffered solutions of hypoxanthine and sulfite. 


PERCENT OF MAXIMAL RATE 
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Fic. 5. Effect of pH on the inhibition of xanthine oxidase by 
excess hypoxanthine. The activity of xanthine oxidase was fol 
lowed at 290 my. Each cuvette contained the indicated concen- 
trations of hypoxanthine in 0.066 mM potassium phosphate, at pH 
5.5, and in 0.066 mM potassium bicarbonate-carbonate at pH 7.7, 
9.1, and 10.1. All buffers contained 0.005 per cent Versene Fe-3. 
Reaction was started by adding 0.10 ml. of dialyzed xanthine 
oxidase to 3.0 ml. of buffered hypoxanthine solution. Blanks were 
identical except that at ‘0’’ time 0.10 ml. of water was added in 
place of enzyme. The greatest reaction velocity observed at each 
PH is set at 100 and the velocity observed at higher concentrations 
of hypoxanthine is plotted on the ordinate as per cent of the max 
imum observed velocity. 


diaminetetraacetic acid, Dow Chemical Company) Fe-3. The 
pH of each reaction mixture was checked with a glass electrode 
immediately after the last spectrophotometric observation. 
The results of these experiments, expressed as a percentage of 
the maximal rate, are shown in Fig. 5. Clearly, susceptibility 
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Fia. 6 (left). Effect of phenazine methosulfate on the activity 
of xanthine oxidase. The action of xanthine oxidase on3 X 10-4 
hypoxanthine at pH 7.8 in phosphate buffer was followed at 290 
my in the presence of various amounts of phenazine methosulfate. 
Initial velocity expressed as the optical density increment per 
minute is plotted against the concentration of dye. 

Fig. 7 (right). Effect of phenazine methosulfate on sensitivity 
of xanthine oxidase to inhibition by excess hypoxanthine. The 
rate of increase of optical density at 290 mu caused by xanthine oxi- 
dase acting on increasing concentrations of hypoxanthine at pH 
7.8 in phosphate buffer was observed in the presence (()) and ab- 
sence (©) of 0.16 mg. per ml. of phenazine methosulfate. The 
results are expressed as in Fig. 5. 


to excess substrate inhibition decreased with increasing pH. 
From these data it may be estimated that, at pH 5.5, over 90 
per cent of the electrons removed from hypoxanthine reach 
oxygen by transfer from the second FAD whereas at pH 10.1 
approximately 30 per cent do so. 

Sulfite Oxidation by Other Enzyme Systems—Since the initiation 
of aerobic sulfite oxidation by xanthine oxidase appears to relate 
to the generation of ferrous iron at the active site of this enzyme, 
it seemed of interest to investigate the activity of other enzymes 
in this regard. Soluble succinic dehydrogenase, prepared from 
beef heart mitochondria according to Kearney and Singer (4) 
failed to initiate sulfite oxidation both in the absence or presence 
of succinate. . Succinic dehydrogenase plus succinate did not 
interfere with sulfite oxidation initiated by xanthine oxidase 
plus hypoxanthine. Hence, the iron of succinic dehydrogenase 
is unable to interact directly with oxygen. The extremely weak 
“oxidase” activity of this enzyme (16) is in accord with this 
finding. 

Unfortunately, phenazine methosulfate, per se, is an excellent 
catalyst of sulfite oxidation so it was not possible to investigate 
the ability of succinic dehydrogenase to initiate sulfite oxidation 
in the presence of this dye. These data, therefore, do not 
reveal whether the iron of succinic dehydrogenase is involved in 
electron transport. Other enzymes similarly tested and also 
found unable to initiate sulfite oxidation in the presence of their 
substrates included glucose oxidase, pD-amino acid oxidase, 
lactic acid dehydrogenase, alcohol dehydrogenase, and uricase. 

Phenazine Methosulfate as Electron Acceptor from Xanthine 
Oxidase—Phenazine methosulfate has been successfully employed 
as electron acceptor for succinic dehydrogenase (16). Singer 
et al. (17, 18) suggest that this dye may act as a one-electron 
acceptor which interacts directly with the iron of succinic de- 
hydrogenase. To study interaction of this dye with xanthine 
oxidase, enzyme activity was assayed by estimation of the 
increased absorbance at 290 my which accompanies the oxidation 
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of hypoxanthine. Oxidized phenazine methosulfate exhibits no 
significant absorption at 290 my and since the reduced form of 
this dye reoxidizes in air with extreme rapidity (19), xanthine 
oxidase activity could be assayed by the usual spectrophoto- 
metric technique in the presence of phenazine methosulfate, 
As shown in Fig. 6, the dye accelerated the action of xanthine 
oxidase. Maximal activation was achieved at 0.55 umole per 
ml.; higher concentrations were inhibitory. The effect of excess 
substrate concentration was also examined in the presence of 
0.55 umole per ml. of dye. As seen in Fig. 7, unlike the finding 
with cytochrome c described earlier, aerobic enzyme activity 
in the presence of phenazine methosulfate was somewhat more 
sensitive to substrate inhibition than is the usual aerobic system. 
These results indicate that phenazine methosulfate accepts 
electrons from the second FAD moiety of the active site rather 
than from the iron thereof. The data also indicate that in a 
solution at equilibrium with atmospheric oxygen, i.e. 0.24 umole 
O2 per ml., the autoxidation of the second FAD moiety of the 
active site limits the rate of enzymic activity. 


DISCUSSION 


The marked difference in sensitivity of xanthine oxidase to 
inhibition by excess substrate with one- or two-electron acceptors 
is in accord with the postulated structure and function of the 
active site of this enzyme. The suggestion that the second 
molecule of FAD at the active site is the major outlet for elec- 
trons to two-electron acceptors and is also the site of excess 
substrate inhibition appears to be well supported. The evi- 
dence for the postulated electron transport function of the 
iron of xanthine oxidase is all indirect. However, the sum of the 
data presented previously (1) and that reported above strongly 
indicate that the iron does function as suggested. 

Xanthine oxidase has been found to catalyze the oxidation of 
sulfite under three sets of conditions: (a) In low concentration 
of both enzyme and oxidizable purine substrate, sulfite oxidation 
is catalyzed over a wide range of pH (15); (6) cyanide-treated 
enzyme, in high concentration, catalyzes sulfite oxidation at 
pH 7.0 or below in the absence of other substrate (20); (c) at 
pH 7.8, cyanide-treated enzyme, in high concentration, catalyzes 
sulfite oxidation but only in the presence of hypoxanthine, al- 
though the latter is oxidized extremely slowly. A partial 
explanation of these observations is now possible. 

Generation of ferrous iron at the active site accounts for the 
initiation of sulfite oxidation by the normal enzyme when oxi- 
dizing a purine substrate, as discussed above. This concept 
also permitted prediction of the decrease in excess substrate 
inhibition with rising pH which was later experimentally veri- 
fied. The cyanide-dependent oxidation of sulfite catalyzed by 
xanthine oxidase at pH 7.0 seems to relate to the presence of 
ferric iron since ferric sulfate has been found to catalyze sulfite 
oxidation at pH 7.0 but not at pH 7.8 and this catalysis is greatly 
accelerated by cyanide. It seems probable that the hypoxan- 
thine-dependent reaction with cyanide-treated enzyme at pH 
7.8 also reflects formation of autoxidizable ferrous iron at the 
active site. This may require reversal by sulfite of the cyanide 
inhibition, analogous to that observed with dithionite (1) so 
that, of the large amount of enzyme present, a small fraction 
becomes free to operate in normal fashion. However, there are 
differences between sulfite oxidation initiated by high levels 
of cyanide-treated xanthine oxidase and that initiated by very 
small amounts of active xanthine oxidase which cannot be ade- 
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quately explained as yet. Thus, the former system was inhibited 
by 2,4-dinitrophenol whereas the latter system is not. Also, 
the former system was specific for hypoxanthine or xanthine 
and did not catalyze sulfite oxidation in the presence of purine 
itself whereas the latter system operated with hypoxanthine, 
xanthine or purine. Half-maximal sulfite oxidation with cya- 
nide-treated enzyme was obtained at 4 X 10-5 m hypoxanthine 
whereas with uninhibited enzyme, this was achieved at 1 xX 10-® 
mM. This difference is at least partially artifactitious since the 
large amount of cyanide-treated xanthine oxidase used could 
directly bind and render unavailable about 2 X 10-° m hypo- 
xanthine. 

One further set of observations is compatible with the pro- 
posed formulation of the active site of xanthine oxidase. Ana- 
erobie addition of hypoxanthine results in rapid reduction of 
one-half of the enzyme-bound flavin whereas dithionite rapidly 
reduces all the flavin. This led Mackler et al. (6) to suggest the 
presence of two types of FAD in the enzyme, one with E, less 
negative and one more negative than —0.41 volt, EZ, for the 
hypoxanthine-xanthine couple. Since electrons flow from the 
substrate-binding FAD by way of the irons to the autoxidizable 
FAD, it seems likely that the latter has the higher potential 
and accumulates in the reduced form under anaerobic circum- 
stances. This is in accord with the observation that cyanide, 
which is thought to interfere with the ability of the iron atoms 
to transfer electrons from the first FAD to the second (1), com- 
pletely prevents reduction of enzyme flavin by hypoxanthine. 
As expected, both flavins of the cyanide-treated enzyme are 
reduced by dithionite. 

Previous studies of the binding of hypoxanthine-C" to cyanide- 
inactivated xanthine oxidase, indicated that the concentration 
of hypoxanthine necessary for half-maximal binding was some- 
what less than 10-5 m (1). These studies have been extended 
by incubating purified cyanide-treated enzyme in centrifuge 
tubes with hypoxanthine varying in final concentration from 
2 X 10-*m to 5 X 10-‘M, but in each case containing the same 
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amount of hypoxanthine-C". After covering the mixture with 
mineral oil, the tube contents were centrifuged at 50,000 r.p.m. 
for 150 minutes at 10° in a Spinco ultracentrifuge. The super- 
natant fluids were carefully withdrawn and aliquots plated for 
estimation of hypoxanthine-C™. A plot of these data revealed 
that half-maximal binding of hypoxanthine to the enzyme oc- 
curred at 2 + 1X 10-*m. This value may be compared with K,, 
for the oxidation of hypoxanthine which has been established 
as 1 X 10-* m (15). Since both values are of the same order, 
and since the present results with phenazine methosulfate indi- 
cate that oxidation of the second FAD at the active site limits 
the rate of the over-all process, K,, in this instance appears to 
represent the equilibrium constant for formation and dissociation 
of the enzyme-substrate complex, as originally defined. 


SUMMARY 


Additional evidence is presented in support of the electron- 
transport function of the enzyme-bound iron of xanthine oxidase 
and of the previously proposed structure of the active site of this 
enzyme. 

Whereas with two-electron acceptors the enzyme is markedly 
susceptible to inhibition by excess substrate, no such inhibition 
is observed with cytochrome c. By this criterion, phenazine 
methosulfate serves as a two-electron acceptor. In the presence 
of oxygen, ferricyanide does not serve as acceptor for the enzyme 
but is reduced by uric acid formed by aerobic oxidation of purines. 

With increasing pH, the enzyme iron becomes increasingly 
susceptible to autoxidation, analogous to the behavior of simple 
ferrous salts, and the enzyme escapes from excess substrate 
inhibition. 

Evidence is offered which suggests that the initiation of 
sulfite oxidation by xanthine oxidase operating on a purine 
substrate results from the generation of ferrous iron during 
normal operation of the enzyme. The ferrous iron is oxidized 
by O2 with formation of an oxygen-free radical which then 
initiates a free radical chain of sulfite oxidations. 


REFERENCES 


1. Fripovicu, I., Aanp HANp ier, P., J. Biol. Chem., 231, 899 
(1958). 
2. Sincer, T. P., anp Massey, V., Record Chem. Progr., Kresge- 
Hooker Sci. Lib., 18, 201 (1957). 
3. MAHLER, H. R., Husscner, G., anv Bium, H., J. Biol. Chem., 
216, 625 (1955). 
4. Kearney, E. B., anv Sincur, T. P., J. Biol. Chem., 219, 963 
(1956). 
. Kaucxkar, H. M., J. Biol. Chem., 167, 429 (1947). 
6. Mackier, B., Manuer, H. R., anp GREEN, D. E., J. Biol. 
Chem., 210, 149 (1954). 
. Weser, M. M., Lennor, H. M., ano Kapuan, N. O., Biochim. 
et Biophys. Acta, 14, 298 (1954). 
8. Breers, R. F., Jr., aNp Sizer, I. W., J. Biol. Chem., 195, 133 


or 


~I 


(1952). 

9. Mazur, A., GREEN, S., aNnp Carterton, A., J. Biol. Chem., in 
press. 

10. Horecker, B. L., anp Heppet, L. A., J. Biol. Chem., 178, 
683 (1949). 


eas 204 


11. More.u, D. B., Biochem. J., 61, 666 (1952). 

12. Weser, M. M., Lenunor, H. M., anp Kapian, N. O., J. Biol. 
Chem., 220, 93 (1956). 

13. Dorsy, R. J., Ricuert, D. A., AND WesTERFELD, W. W.., //. 
Biol. Chem., 217, 307 (1955). 

14. ABEL, E., Monatsh. Chem., 85, 722 (1954). 

15. Fripovicn, I., anp Hanper, P., J. Biol. Chem., 233, 1578 
(1958). 

16. Massey, V., AND Sincer, T. P., J. Biol. Chem., 229, 755 (1957). 

17. Stncer, T. P., Kearney, E. B., anp Massey, V., In O. H. 
GAEBLER (Editor), Enzymes: units of biological structure and 
function, Academic Press, Inc., New York, 1956, p. 417. 

18. Sincer, T. P., Kearney, E. B., anp Massey, V., Advances in 
Enzymol., 18, 65 (1957). 

19. Stncer, T. P., anp Kearney, E. B., In D. Guick (Editor), 
Methods of biochemical analysis, Vol. IV, Interscience Pub- 
lishers, Inc., New York, 1957, p. 307. 

20. Fripovicn, I., anp HaNnpwer, P., J. Biol. Chem., 228, 67 
(1957). 








The Preparation of Phosphorylating Subfragments of Rat Liver 
Mitochondria with Digitonin* 


Tuomas M. Deviint AND ALBERT L. LEHNINGER 


From the Depariment of Physiological Chemistry, The Johns Hopkins School of 
Medicine, Baltimore, Maryland 


(Received for publication, May 23, 1958) 


Earlier papers from this laboratory (1-6) have described the 
preparation and enzymatic properties of mitochondrial subfrag- 
ments, presumably derived from the membranes (6, 7), which 
contain relatively intact respiratory chains and which couple 
phosphorylation of ADP to electron transport with high effi- 
ciencies. These preparations, made by treating rat liver mito- 
chondria with digitonin, are devoid of organized Krebs’ citric 
acid cycle and fatty acid oxidation activity, but they retain the 
ability to oxidize p-8-hydroxybutyrate to acetoacetate at the 
expense of oxygen, together with the coupled oxidative phos- 
phorylations. 

In this communication an improved procedure for the prepa- 
ration of the phosphorylating particles with digitonin is describec. 
The method reported earlier (1) has been found to give rather 
variable yields of the active enzyme complex and in addition 
occasionally gave completely inactive preparations. This dif- 
ficulty has been traced to the fact that the chemical disruption 
of mitochondrial structure for the purpose of yielding fragments 
with phosphorylating activity is critically dependent upon the 
concentration of digitonin. With the simplified method de- 
scribed here, the yield of active phosphorylating fragments is 
more than doubled and is consistently obtained; the specific 
activity is high and relatively constant. Nearly 200 prepara- 
tions have been made by this modification without failures. 
The preparation so obtained also serves as the initial material 
for the separation and study of some of the enzymes involved 
in the partial reactions of oxidative phosphorylation which will 
be described elsewhere. 


EXPERIMENTAL AND RESULTS 


Methods and Materials—Oxidation of p-8-hydroxybutyrate 
by oxygen was followed by measuring the stoichiometric forma- 
tion of acetoacetate by the method of Walker (8); phosphate 
uptake was measured by the modified isotopic method already 
described (1,9). Protein was determined by the micro-Kjeldahl 
or a modified biuret method, in which 0.3 per cent sodium cholate 
was added to eliminate the turbidity of the digitonin enzyme 
particles. 

Fisher digitonin, reagent grade, was used throughout. Al- 
though recrystallization of recently obtained lots of this mate- 


* Supported by grants from the National Institutes of Health, 
the Nutrition Foundation, Inc., and the National Science Founda- 
tion. Some of the data in this paper were taken from a disserta- 
tion submitted by Thomas M. Devlin in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy at The Johns 
Hopkins University, June 1957. 

t Predoctoral Fellow of the United States Public Health Serv- 
ice. Present address, the Merck Institute, Rahway, New Jersey. 


rial was not necessary, an older lot was found to yield inactive 
preparations of the enzyme complex; recrystallization by the 
method of Gisvold (10) eliminated the impurity, which was traced 
to heavy metal contamination. It is therefore recommended 
that the digitonin be recrystallized before use. 

The digitonin content of the enzyme complex was determined 
as follows. The digitonin of an enzyme preparation washed 
twice was extracted with hot 90 per cent ethanol. Addition of 
an excess of cholesterol to the ethanol extract caused the quan- 
titative precipitation of the cholesterol digitonide. The digi- 
tonide crystals were washed three times with cold ethanol to 
remove unesterified cholesterol, and the digitonide cholesterol 
was determined by a modified Liebermann-Burchard method. 
Digitonin standards were carried through the same procedure. 

Preparation of Enzyme Complex—Mitochondria were first 
isolated from a 15 per cent homogenate of rat liver in 0.25 m 
sucrose essentially as described by Schneider (11), with the use 
of the livers of well fed male Wistar rats (Carworth Farms) 
averaging about 200 gm. in body weight (4 to 6 rat livers per 
preparation). The nuclear sediment was discarded and no 
attempt was made to recover adhering mitochondria from it by 
washing. The mitochondria were washed twice with cold 0.25 
M sucrose and the washed pellet was smoothly suspended in a 
minimal volume of cold 0.05 m sucrose (approximately 1.5 ml. 
for the mitochondria from 6 rat livers). After the total volume 
of this thick mitochondrial suspension was measured in a small 
graduated tube, 0.66 volume of a cold 2 per cent digitonin solu- 
tion in 0.05 m sucrose was added, yielding a final concentration 
of 0.80 per cent digitonin. The addition was made slowly at 0° 
with continuous stirring. The suspension was kept at 0° for 20 
minutes, and then enough cold 0.25 m sucrose was added to 
make the final digitonin concentration 0.25 per cent. After the 
mixture was centrifuged at 50,000 x g at 2° in the Spinco model 
L ultracentrifuge for 25 minutes, the supernatant solution was 
decanted in such a manner as to remove also the upper, loosely 
packed, fluffy layer. The tightly packed residue was discarded. 
The mixed supernatant material was then centrifuged at 
100,000 x g for 25 minutes. The supernatant fluid was dis- 
carded and the pellet was suspended in cold distilled HO. The 
pellet from a batch of 6 rat livers was normally made up to a 
final volume of 10.0 ml. and usually contained from 0.8 to 1.2 
mg. of total nitrogen per ml. This suspension can be used di- 
rectly in the phosphorylation test system without washing. 
The pellet can, however, be washed once or twice with cold 
H,0 and resedimented at 100,000 x g without loss or change in 
the activity. 


Dr. Oscar K. Reiss, unpublished procedure. 
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In the preparation of the enzyme complex the concentration 
of digitonin in the final suspension is critical. Variations of 0.1 
per cent in digitonin concentration markedly altered the yield 
of active enzyme. The packed volume of the washed mito- 
chondrial pellet and the actual mitochondrial yield from a given 
weight of rat liver can vary greatly because of differences in 
homogenization, centrifugation, washing, and physiological 
state of the rats. Thus the addition of a small volume of 1.0 
per cent digitonin to the mitochondrial pellet obtained from a 
given weight of liver, as in the original method (1), can produce 
rather large variations in the final digitonin concentrations. In 
the modified preparation described here the mitochondria were 
first suspended in a minimal quantity of 0.05 m sucrose, to facili- 
tate the measurement of the volume and the accurate addition 
of digitonin. Controlled experiments have shown that the larger 
the volume of the suspending medium, the greater the loss of 
phosphorylating capacity. Suspension of the mitochondria 
in distilled water, KCl solutions, or in 0.3 m sucrose vielded less 
active preparations. 

In the older method (1) the washed mitochondria from 60.0 
gm. of fresh rat liver containing 120 mg. of total nitrogen yielded 
5.8 mg. of enzyme nitrogen on two extractions of the mitochon- 
drial pellet with 1 per cent digitonin, or 4.8 per cent recovery of 
total nitrogen. In a typical preparation from the mitochondria 
derived from 60.0 gm. of liver as described in this paper, there 
was a yield of 10.9 mg. of total nitrogen as the enzyme complex 
or 9.9 per cent recovery of total nitrogen, obtained in a single 
step. Actually, a second extraction of the mitochondrial resi- 
due produced only a negligible quantity of the enzyme complex. 
The specific activity measured as ymoles of acetoacetate formed 
per mg. of total nitrogen per minute is approximately the same 
in both preparations. Thus the new procedure, which is con- 
siderably simpler, doubles the vield of active enzyme complex. 
Between 40 and 60 per cent of the oxidative activity of the mito- 
chondria is recovered and about 10 per cent of the total nitrogen 
is recovered. The particles are thus from 4 to 6 times more 
active than the starting mitochondria in the standard oxidative 
test system (see below and Fig. 1), in which the initial rate of 
oxidation of 8-hydroxybutyrate is measured under conditions 
giving about the same efficiency of phosphorylation (P:2e = 
1.5 to 2.0)? in the particles and in the intact mitochondria. 
(0.005 m MgCl. was added to the test system when intact mito- 
chondria were assayed.) 

With the procedure described, consistently high yields were 
obtained, even with livers from rats of widely varying body 
weight and age, as well as with the livers of fasted rats. 

Enzymatic Properties of Modified Preparation—In general, 
the phosphorylating particles obtained by the modified procedure 
are identical with those of the earlier preparation in respect to 
the enzymatic properties already described (1-6). No enzy- 
matic differences have been apparent with respect to cofactor 
requirements, substrate specificity, phosphate acceptor speci- 
ficity, ATPase activity, and the ATP-P® exchange reaction. 
The new preparation has the same sensitivity to uncoupling 
agents and respiratory inhibitors, such as antimycin A, as al- 
ready described for the earlier preparation. 

The P:2e ratio for the oxidation of p-8-hydroxybutyrate by 


2 “P:2e is defined as moles of P uptake per pair of electron 
equivalents transferred, regardless of the nature of the electron 
acceptor. The expression is thus equivalent to P:O when oxygen 
is used as the acceptor”’ (2). 


T. M. Devlin and A. L. Lehninger 
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Fic. 1. Effect of concentration of mitochondrial fragments on 
oxidation and phosphorylation. The test system contained 
0.01 m pL-8-hydroxybutyrate, 0.0024 m ADP, 0.01 m phosphate of 
pH 6.5, H.O, and amounts of enzyme N shown in graph in a total 


volume of 3.0 ml. Incubation continued for 20 minutes in air 
at 23°. 


oxygen measured in the standard test system (1) (0.01 m pL-é- 
hydroxybutyrate, 0.0024 m ADP, 0.01 m phosphate, and 100 
ug. of enzyme nitrogen, pH 6.5, in a total volume of 3.0 ml., 
and at 23°) is consistently between 1.6 and 2.1, although some 
preparations have shown ratios as high as 2.5. 

The oxidative activity and the P:2e ratio of the enzyme prep- 
aration is linear with enzyme concentration in the range of 50 
to 1400 ug. of enzyme nitrogen per 3 ml. of the standard test 
system at 23° (Fig. 1). Although manometric measurement 
of oxygen uptake can be used with the higher concentrations of 
enzyme, for reasons of economy the oxidation has ordinarily 
been studied by means of the very sensitive and simple colori- 
metric estimation of acetoacetate (8), which permits use of 50 
ug. of enzyme nitrogen per 3.0 ml. or less. 

The phosphorylating enzyme complex has approximately the 
same stability to aging as that prepared by the earlier method; 
there is no change in P:2e ratio during 8 to 10 hours at 0°. 
Freezing and thawing destroy activity. 

Chemical Composition—Because the new method involves a 
different concentration of digitonin, which is believed to affect 
the lipide or lipoprotein components of the mitochondrial mem- 
brane, typical preparations have been analyzed for lipide and 
digitonin content after being washed twice with water to re- 
move digitonin adhering in the “water space” of the enzyme 
pellet. Such analyses have revealed a directly determined digi- 
tonin content (see ““Methods and Materials’) of about 5 per 
cent of the dry weight of the new preparation. More extensive 
washing of the pellet did not reduce the digitonin content. By 
contrast, analyses of the original preparation (1) suggested a 
digitonin content of approximately 40 per cent, but this was not 
determined directly. The reason for this discrepancy may lie 
in the use of 0.25 per cent digitonin as washing medium in the 
earlier preparation. 

The total aleohol-ether-soluble lipide, corrected for digitonin 
content, was about 29 per cent, a value somewhat higher than 
that reported for the earlier preparation (1). Approximately 
95 per cent of this was phospholipide of undetermined nature 

Sedimentation Characteristics—Earlier work has shown that 
respiratory fragments obtained from rat liver mitochondria by 








1588 


TaBLeE I 

Subfractionation of phosphorylating fragments of mitochondria 
A suspension of the “digitonin fragments”? (13 mg. of total 
nitrogen in 25.0 ml. of 0.25 m sucrose) was sedimented at 2° in the 
Spinco model L ultracentrifuge for the periods and at the speeds 
indicated and the rate of oxidation of 6-hydroxybutyrate and 
phosphorylation was measured, under the same conditions as in 
Fig. 1. The specific oxidative activity is expressed as mumoles 
of acetoacetate formed in the standard test system (Fig. 1) per 

ug. of enzyme nitrogen per minute. 














-_ : Specific | 
Fraction Speed Time | or. | pow | P :2e ratio 

r.p.m. min. | mg. myumoles 

1 23 ,000 15 2.1 1.90 1.95 

2 25 , 000 2 | 2.4 1.75 2.10 

3 27,500 20 | 3.7 1.85 1.85 

4 32,000 20 1.4 1.909 | 1.75 

5 39,000 20 | 0.8 | 1.40 | 1.40 








use of digitonin, cholate, or sonic vibration are polydisperse but 
tend generally to have rather constant oxidative activities based 
on total nitrogen, regardless of the size of the particle (12). 
This suggests that the mitochondrial membranes or cristae or 
both, in which the respiratory carriers are embedded, are made 
up of basic recurring units separated by fragile lines of cleavage, 
which are sensitive to lipide reagents or mechanical rupture 
(6, 12). In view of the changes in the conditions for disrupting 
the mitochondria by the new method it was thought desirable 
to re-estimate the particle weight and the distribution of oxida- 
tive and phosphorylating activity among the subfractions of 
different sedimentation rates. 
Analysis of the new preparation in the Spinco analytical ultra- 
centrifuge, at 9-10°, at three widely different centrifugal fields 
(25,000 x g, 50,000 x g, and 75,000 x g), and with an amount 
of enzyme containing 100 yg. of total nitrogen per ml. of 0.25 m 
sucrose, yielded values for the sedimentation constant, calcu- 
lated on the basis of H,O at 20°, of 228, 199, and 210 for 3 
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preparations. The average was 212, which was nearly that ob- 
tained for the earlier preparation (1). The boundaries spread 
fairly rapidly, indicating polydispersity. 

A typical preparation was then subfractionated in the Spinco 
model L preparative ultracentrifuge at different centrifugal 
speeds to recover a series of five subfractions. The specific 
oxidative activity and the P:2e ratios were then measured in 
the different fractions. The data are presented in Table I; 
they show that the preparation can be separated into a series 
of fractions differing in sedimentation rate. However, all frac- 
tions have approximately the same specific oxidative activity 
per mg. of nitrogen in the system p-6-hydroxybutyrate — oxy- 
gen, and the P:2e ratio for this oxidation was nearly constant 
in all the fractions. Thus in regard to those portions of the 
mitochondrial structure bearing the organized respiratory chains 
and the ancillary coupling enzymes, the modified procedure 
described here produces a degree of fragmentation approximately 
equivalent to that of the earlier method. 


SUMMARY 


This paper describes a simplified and improved procedure for 
the chemical disruption of rat liver mitochondria for the purpose 
of producing small fragments which contain functional respira- 
tory chains and which are capable of coupled oxidative phos- 
phorylation of adenosine diphosphate. The procedure in- 
volves digitonin at a concentration of 0.8 per cent, which is 
critical for achieving high and consistent yields of active phos- 
phorylating fragments. The preparations are enzymatically 
similar to those described in earlier work. The average sedi- 
mentation constant for these preparations, which are poly- 
disperse, is about 82,. = 212. All the subfractions obtained by 
differential ultracentrifugation have constant specific oxidative 
activity and constant P:2e ratio, findings which suggest that 
the respiratory chains are present in recurring structural units 
of the mitochondrial membranes. 
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Previous reports from this laboratory have demonstrated that 
the ATP-P;*! exchange reaction (1) and the dinitrophenol- 
stimulated ATPase activity (2) of mitochondrial subfragments 
(3-9) are reflections of intermediate enzymatic steps in the com- 
plex sequence of reactions (1, 3) in which phosphorylation of 
ADP is coupled to electron transport in the respiratory chain. 

This communication concerns another intermediate reaction of 
oxidative phosphorylation, namely the ATP-ADP exchange 
reaction, which was first observed and briefly described in an 
earlier paper (1) and has since been discussed in preliminary 
reports (3, 10). In this reaction, isotopically labeled ADP is 
reversibly incorporated into ATP in mitochondrial subfragments, 
in the absence of electron transfer. The relationship of the ATP- 
ADP exchange to the ATP-P;® exchange reaction has been estab- 
lished by an examination of the requirements of the exchanges 
and the action of different types of uncoupling agents on these 
reactions. It is concluded that the ATP-ADP exchange is a 
reflection of the terminal reaction of oxidative phosphorylation 
by which ATP is formed from ADP and a “high-energy” phos- 
phate donor: 


ADP + P~ X @ ATP +X (1) 


The experimental findings presented indicate that X is an en- 
zyme protein capable of undergoing phosphorylation. The 
enzyme catalyzing the ATP-ADP exchange has been separated 
in soluble and somewhat purified form. 


EXPERIMENTAL 


The ATP, ADP, AMP and other nucleotides were chromato- 
graphically pure compounds obtained from Pabst Laboratories. 
ADP and AMP labeled with C" in position 8 of the adenine 
ring were obtained from Schwarz Laboratories, Inc. The 
labeled ADP contained less than 2 per cent of its radioactivity 
in the form of AMP and ATP; similarly the labeled AMP was 
virtually free of labeled ADP and ATP. The chemical and 
isotopic purity of different lots of labeled and unlabeled nucleo- 
tides used was often checked by paper chromatography, spectro- 
photometry, and by radioactivity measurements. P*-labeled 
ADP was prepared as described before (1). 

Phosphorylating subfragments of vat liver mitochondria were 
prepared with digitonin as described by Devlin and Lehninger 


(7); they are referred to as “digitonin fragments.” Net phos- 
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'The abbreviations used are: Pi, inorganic orthuphosphate 
and DNP, 2,4-dinitrophenol. 


phorylation of ADP coupled to oxidation of p-6-hydroxybutyrate 
by these fragments in the presence of P-labeled orthophosphate 
was measured as described before (1, 7), using the benzene- 
isobutanol extraction procedure as described by Nielsen and 
Lehninger (11). Inorganic phosphate was determined by the 
method of Martin and Doty (12). 

Chromatography of adenine nucleotides was carried out on 
acid-washed Whatman No. 1 paper using as solvent system a 
freshly prepared mixture (66:1:33, by volume) of isobutyric 
acid, concentrated NHs, and water (13). Chromatograms were 
run in the descending fashion for 24 hours at 20—-22°; in this 
interval the solvent front runs off the paper but clean separa- 
tion of ATP, ADP, and AMP is produced. Usually samples 
containing between 1 and 40 myumoles of adenine nucleotide 
were chromatographed. Spots were located under ultraviolet 
light, cut out, and eluted with 2.0 to 3.0 ml. of water. The 
amount of adenine nucleotide in such eluates was determined 
spectrophotometrically at 260 my, using the extinction coef- 
ficient 15.4 « 10° cm.2 X mole~!. The radioactivity of the 
adenine nucleotides in the eluate from the paper was measured 
with a flow counter, following plating by evaporation of 1.0- 
ml. aliquots of the eluate under standard conditions. The 
error in the chromatographic analyses was found to be no greater 
than 15 per cent; all samples were chromatographed in duplicate. 

ATPase activity of the digitonin fragments (2) was assayed 
with the following system. 0.006 m ATP, pH 6.8, with or with- 
out 5 X 10-4 m DNP as indicated, and digitonin enzyme (50 
to 150 ug. of enzyme N) in 1.0 ml. total volume, were incubated 
20 minutes in air at 23°. Inorganic phosphate liberated was 
measured colorimetrically (12) following deproteinization of 
the reaction medium with trichloroacetic acid. 

The ATP-P;* exchange reaction (1) was assayed in the fol- 
lowing system. 0.006 m ATP, 0.0004 m Pj, pH 6.8, labeled 
with P® (~5 x 10° ¢.p.m.), and digitonin fragments (50 to 
150 wg. of enzyme N) in a total volume of 1.0 ml. The incuba- 
tion was carried out for 20 minutes in air at 23°. ATP® formed 
was measured as described before (1, 11) following deproteiniza- 
tion of the reaction medium with trichloroacetic acid. 

The ATP-ADP(C") exchange reaction was usually measured 
in the following system, which gave the initial reaction rate 
under approximately optimum conditions (see below). 0.005 
m ATP, 0.001 m ADP (8-C™) (~15,000 c.p.m.), pH 6.8, and 
digitonin fragments (50 to 150 ug. of enzyme N) in total volume 
of 0.50 ml., were incubated 20 minutes in air at 23°. The 
reaction was stopped with trichloroacetic acid. The total 
amount of each nucleotide was measured spectrophotometrically 
and the incorporation of ADP-C™ into ATP was measured as 
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described above, following chromatographic separation of the 
nucleotides. All exchange data are expressed in absolute 
amounts calculated from the average concentration of labeled 
precursor during the incubation period and its average specific 
activity; such calculations were made possible by the exactly 
linear reaction rates over the time intervals measured. 

Adenylate kinase activity was followed by measurement of 
the ADP (8-C") formed from ATP and C"-labeled AMP. 
The test system contained 0.005 m ATP, 0.005 m AMP (C") 
(~20,000 c.p.m.) at pH 6.8, and digitonin fragments (50 to 150 
ug. of enzyme N) in total volume of 0.50 ml., incubated 20 
minutes in air at 23°. The ADP formed was measured both 
spectrophotometrically and by determination of radioactivity 
following its chromatographic separation; because of simul- 
taneous and considerable ATPase activity liberating unlabeled 
ADP from ATP, the isotopic measurement gave a measure of 
net ADP formation through the action of adenylate kinase. 


RESULTS 


Some Properties of ATP-ADP Exchange Reaction—VYarlier 
experiments of Cooper and Lehninger established the occur- 
rence of a DNP-sensitive incorporation of labeled ADP into 
ATP taking place in suspensions of the digitonin fragments, 
using P®-labeled ADP and separation of the adenine nucleotides 
by chromatography in Dowex 1-columns before determination 
of radioactivity (1). Because of the isotopic instability of P® 
and the relatively laborious enzymatic and chromatographic 
procedures required to prepare P®-labeled ADP, the use of 
commercially available C-labeled ADP was adopted. The use 
of paper chromatography for separation of adenine nucleotides 
also greatly simplified the measurements. 


Tasie | 
ATP-ADP exchange reaction in digitonin fragments 
Test conditions are as given in the text. In Experiment 1, 
75 ug. of enzyme N, in Experiment 2, 50 ug. of enzyme N, and in 
Experiment 3, 35 ug. of enzyme N were added to 0.50 ml. of the 
test system. The C'-labeled ADP contained ~15,000 c.p.m.; 
the P®-labeled ADP, ~140,000 ¢.p.m. 


System 'ATP-ADP exchange 


mumoles 
labeled-ATP 


Experiment 1, fresh enzyme 


Complete. 300 
Complete af me Acre 297 
Complete; enzyme heated 5 min. at 65° 28 
ATP omitted*........ etre Se 10 
Complete + 5 X 10-*m DNP......:. i! 80 
Experiment 2, fresh enzyme 
Complete system (ADP**) . 440 
Complete system (ADP*?) . 420 
Complete system (ADP-C'*) 370 
Complete system (ADP-C") 390 
Experiment 3, Aged enzymet 
Complete system (ADP#*) 220 
Complete system (ADP*) 210 
tomplete system (ADP-C"*) 200 
Complete system (ADP-C) . 190 


* ATP added after incubation. 
+ Digitonin fragments aged 72 hours at 2°. 


ATP-ADP Exchange 





Vol. 233, No. 6 


In Table I are shown representative data demonstrating the 
occurrence of the ATP-ADP exchange reaction in suspensions 
of digitonin fragments of rat liver mitochondria, under cir- 
cumstances in which no net electron transport or net phosphoryla- 
tion take place. The data show that the exchange is almost 
completely inhibited by 5 x 10-4 m DNP and is thermolabile. 
The presence of unlabeled ATP in the medium is necessary to 
observe the exchange. 

Data are also presented in Table I showing that C-labeled 
ADP and P-labeled ADP are incorporated into ATP at the 
same rate, within experimental error, using either fresh or aged 
digitonin fragments. This finding indicates that the observed 
incorporation of C™ from C-labeled ADP into ATP is caused 
by the incorporation of the entire adenosine diphospho-moiety 
into ATP, and not simply by exchange of the adenine, adeno- 
sine, or adenosine monophospho-moieties alone. ADP labeled 
with C™ in the adenine ring may therefore be used with con- 
fidence to measure the ATP-ADP exchange in the digitonin 
fragments. 

Exclusion of Extraneous ATP-ADP Exchange Reactions—In- 
corporation of labeled ADP into ATP can be expected to oceur 
in a number of known enzymatic reactions involving these nucleo- 
tides, which are not necessarily relevant to the mechanism of 
oxidative phosphorylation. For example, adenylate kinase is 
known to be present in mitochondria (14) and catalyzes the 
reversible reaction 


2 ADP = ATP + AMP (2) 


This enzyme is obviously capable of converting labeled ADP 
into labeled ATP. It appeared possible that enzymes catalyz- 
ing such exchange reactions irrelevant to the mechanism of 
oxidative phosphorylation might be present in the digitonin 
fragments and it was therefore necessary to exclude occurrence 
of such reactions, which could lead to considerable difficulties 
in both experimentation and interpretation. 

It was found that incorporation of ADP(C") into ATP due to 
the traces of adenylate kinase activity represents only a minor 
portion of the observed ATP-ADP exchange activity. This 
conversion was not sensitive to DNP, and could be measured by 
an independent method (see below). Furthermore, addition 
of AMP to the test system for measurement of the ATP-ADP 
exchange produced no change in the exchange rate. The 
presence of significant amounts of nucleoside diphosphokinase 
(13, 15, 16) in the digitonin preparations had been excluded by 
earlier enzymatic tests (1, 2); further experiments failed to show 
any effect of unlabeled 5/-triphosphates and 5’-diphosphates 
of cytidine, uridine, inosine, and guanosine on the rate of the 
ATP-ADP exchange as measured by incorporation of C'- 
labeled ADP into ATP. 

Incorporation of labeled ADP into ATP might be expected to 
occur in the hexokinase (17), phosphofructokinase, and creatine- 
phosphokinase reactions; however addition of glucose, glucose-6- 
phosphate, fructose-6-phosphate, or creatine to the digitonin 
fragments showed no stimulation (or inhibition) of the ATP- 
ADP exchange. The so called “P enzyme” catalyzing reversible 
activation of the carboxyl group of succinate 


Suceinyl-S-CoA + P; + ADP = Succinate + ATP + CoA (3) 


has been demonstrated by Kaufman (17) to cause incorporation 
of labeled ADP into ATP; the enzyme is present in intact mito- 
chondria. However additions of succinate and CoA, which 
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are necessary for exchange of P;* into ATP with purified “‘P-en- 
zyme” (17), did not stimulate either the ATP-P* or the ATP- 
ADP exchange in preparations of digitonin fragments, thus 
excluding presence of the “P enzyme” in the digitonin prepara- 
tions. 

In other tests, addition of glutathione, ADP, and P;* to the 
digitonin particles failed to cause formation of P®-labeled ATP. 
This test excluded the presence of glutathione synthetase, which 
in purified form catalyzes an exchange of ADP® with ATP in 
the absence of any other component but Mg** (18). Further- 
more, the glutamine synthetase reaction was also excluded as 
causing incorporation of ADP into ATP; no significant forma- 
tion of P-labeled ATP took place when the digitonin particles 
were incubated with glutamine, P;*, and ADP, a sensitive test 
for the presence of the enzyme (cf. 19). Additior of 3-phos- 
phoglycerate and pyruvate to the digitonin fragments also 
caused no change in initial rate of the ATP-ADP exchange, 
excluding presence of significant amounts of the enzymes trans- 
ferring phosphate to these substrates. 

Finally it should be pointed out that ATPase activity of myosin 
and actomyosin does not cause incorporation of ADP® into ATP 
(20). 

It is concluded that the DNP-sensitive ATP-ADP exchange 
reaction of mitochondrial subfragments prepared with digitonin 
cannot be ascribed to known enzymatic reactions which in- 
volve or potentially involve reversible transfer of phosphate 
from ATP to form ADP. Because of the physical association 
of the ATP-ADP exchange enzyme with phosphorylating 
mitochondrial particles, its DNP sensitivity, and the demon- 
strated absence of interfering enzymes, it is highly probable 
that the observed ATP-ADP exchange represents a portion of 
the complex enzymatic mechanisms coupling phosphorylation 
of ADP to respiration. It is suggested that the exchange reac- 
tion may have the form of Equation 1 where X may be a protein 
capable of forming reversibly an intermediate phosphate com- 
pound. 

Optimum Conditions—The data summarized in Figs. 1 and 2 
show the dependence of the rate of exchange on the concentra- 
tion of ADP and ATP respectively. When ATP was held 
constant at 1 x 10-* M, the enzyme was saturated with ADP 
at about 5 X 10-3 M, with a K,, for ADP of about 1 x 10-* Mm. 
Conversely, when ADP was held constant at 5 x 10-* M, the 
maximum rate of exchange was given by less than 5 x 107° m 
ATP, with a K,, for ATP of about 4 x 10-‘m. In the interests 
of economy the concentration of ADP(C") in the standard test 
system in most experiments was usually held at 0.001 mM, some- 
what less than saturating. The incorporation of ADP(C") 
was linear with time under the standard conditions described 
for reaction periods as long as 60 minutes. 

The pH activity curve of the exchange is shown in Fig. 3; 
maximum activity was given at pH 6.5 but some activity was 
shown as low as pH 4 and as high as pH 9.0, in agreement with 
the rather wide span of pH in which the ATP-P;* exchange (1) 
and oxidative phosphorylation of ADP (4, 6) are observed in 
the digitonin fragments. 

The data presented in Fig. 4 indicate that the initial rate of 
the ATP-ADP exchange reaction is a linear function of the con- 
centration of digitonin fragments. 

Equilibrium and Reversibility of ATP-ADP Exchange—The 
formulation of the ATP-ADP exchange reaction as in Equation 3 
implies the exchange is reversible and that at equilibrium the 
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Fig. 1. Effeet of ADP concentration on rate of exchange. 
ATP was held constant at 1 X 10? M, pH 6.8, and digitonin frag- 
ments at 50 wg. of enzyme N. ADP concentration was varied 
as shown in total volume of 0.5 ml.; lowest initial ADP concentra- 
tion tested was about 1 X 10-‘m. The incubation period was 20 
minutes at 23°. 
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Fia. 2. Effect of ATP concentration on rate of exchange. 
Conditions as in Fig. 1; ADP concentration was held constant at 


0.001 mM. 
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Fig. 3. Effect of pH on ATP-ADP exchange. Test system 
contained 0.006 m ATP, 0.006 m ADP(C"*), 0.01 m tris(hydroxy- 
methyl)aminomethane-acetate buffer at pH values shown, and 
digitonin fragments (25 ug. of enzyme N) in total volume of 0.50 
ml. The incubation period was 20 minutes at 23°. 
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Fig. 5. Equilibration of isotope between ATP and ADP. Test 
system contained 0.009 m ATP, 0.005 m ADP(C") (14,000 ¢.p.m.), 
pH 6.8, 0.002 m-sodium azide, and 130 yg. of enzyme N in a 0.50 
ml. system. The incubation period was at 36° for times shown. 

4 

labeled ADP-moiety should be equally distributed between the 
ATP and ADP in proportion to their relative concentrations. 
Data summariz¢d in Fig. 5 show that the incorporation of labeled 
ADP into ATP in the presence of a high concentration of enzyme 
proceeds very rapidly initially and then declines in rate, ap- 
proaching asymptotically an isotopic equilibrium, in which the 
specific activity of the ATP and ADP are equal. It is also seen 
that the equilibration of C-labeled ADP between ADP and ATP 
proceeds without significant change in their concentrations 
over the entire time of the reaction. This experiment was 
carried out in the presence of 0.002 m sodium azide, which in- 
hibits completely the considerable ATPase activity of the digi- 
tonin fragments (see below), which would otherwise cause con- 
tinuous changes in the relative concentrations and _ specific 
activities of the reaction components. 

Direct experiments using C-labeled ATP and unlabeled 
ADP, in the presence of azide to inhibit ATPase completely, 
showed incorporation of the label into ADP, confirming the 
reversibility of the ATP-ADP exchange reaction indicated by 
the equilibrium data in Fig. 5. 

Rates of Partial Reactions of Oxidative Phosphorylation and 
Their Sensitivity to DNP—In Table II are shown data on the 
relative rates, expressed in comparable units, of net oxidative 
phosphorylation of ADP coupled to oxidation of p-8-hydroxy- 
butyrate by oxygen (3), the ATP-P;*” exchange reaction (1), 
the ATP-ADP exchange reaction, the ATPase activity (2) 
and the adenylate kinase activity of freshly prepared digitonin 
fragments, in the absence and presence of uncoupling concentra- 
tions of DNP. Although rigorous evaluation of rates of ex- 
change reactions at or near equilibrium as components of a 
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multienzyme sequence is extremely complex (21) and will not 
be attempted here, it is of significance that the rate of the ATP- 
ADP exchange reaction is at least of an order of magnitude which 
is compatible with the view that it is a reaction step in net oxida- 
tive phosphorylation of ADP and the ATP-P;* exchange. Like 
the ATP-P;* exchange reaction (1) and oxidative phosphoryla- 
tion itself, the ATP-ADP exchange is nearly completely in- 
hibited by 5 X 10-5 m DNP, providing further evidence for 
its relationship to oxidative phosphorylation. 

The digitonin fragments contain measureable adenylate kinase 
activity. However this is relatively insignificant in rate com- 
pared to the ATP-ADP exchange as shown in Table II. Con- 
siderable variation in adenylate kinase activity has been ob- 
served in different preparations; mitochondria are rich in this 
enzyme (14) and its removal during preparation of the digi- 
tonin fragments is probably not always quantitative. 

Effect of Inorganic Phosphate on ATP-ADP Exchange—Data 
in Table III show that the rate of the ATP-ADP exchange in 
fresh digitonin fragments is not influenced by a 1500-fold 
range of concentration of inorganic phosphate, from 3 x 10-5 
m to 0.05 m. This finding indicates strongly that inorganic 


TaBe II 
Relative rates and sensitivity to DNP of partial reactions 
of oxidative phosphorylation 
Standard assay conditions are as given in the text, with a 
freshly prepared digitonin fragment preparation for all experi- 
ments. The DNP was s added as shown a at 5 > X 10™ “4M. 


Quantity measured 





Activity 





Reaction measured 


umoles X mg.~! 
enzyme N 


| 

a ie — pnp | +DNP_ 
| 

| 


Oxidative phosphoryla- 





tion span BOH — O, —AP; 4.8 0.0 
+AAcAc 3.0 3.0 
P:O 16 | 0.0 
ATP-P ;* exchange* +AATP# 1.6 0.02 
ATP-ADP(C") exchange.) +AATP(C") 4.1 | 0.20 
ATPase activity +AP; 4.5 | 14.20 
Adenylate kinase +AADP(C") | <0.2 


* The assay system (ese text) used to measure ‘this exchange 
rate does not yield the maximum rate, which occurs only with 
much higher phosphate concentration (1). The lower concentra- 
tion of phosphate was used to make possible simultaneous meas- 
urement of ATPase activity. 


Taste III 


Noneffect of inorganic phosphate on ATP-ADP(C") exchange 

Test system contained 0.003 m ATP, 0.002 ADP(C"™) (18,000 
c.p.m.), pH 6.8, digitonin fragments (50 wg. of enzyme N) and 
inorganic phosphate as shown to total volume of 0.50 ml. 


bated 20 minutes at 23°. 


Incu- 


Additions | ATP-ADP(C") exchange 
‘ne ATP(C") 
Control (Pj; = 3 K 10-5 a)... | 137 
Control plus 5 X 10-4 m DNP. | 18 
0.001 mM P; 135 
0.01 Mm Pj 130 


0.05 mM P, 134 
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phosphate is not a participant in the ATP-ADP exchange and 
that inorganic phosphate must be incorporated into a “high- 
energy” form in the coupling sequence in a separate reaction 
step, probably preceding the incorporation of ADP with ATP, 
as outlined in a later section. 

Inhibition of ATP-ADP Exchange—Table IV summarizes 
findings on the action of a variety of inhibitors, including a 
number of uncoupling agents, on the ATP-ADP exchange as it 
occurs in freshly prepared digitonin fragments. It is seen that 
the exchange is nearly completely inhibited by DNP, as dem- 
onstrated earlier. The DNP-insensitive fraction of the ATP- 
ADP exchange activity can be attributed to the action of the 
DNP-insensitive adenylate kinase and also to the aging effect 
to be described below. Concentrations of gramicidin and Di- 
cumarol known to uncouple oxidative phosphorylation com- 
pletely also inhibit_the ATP-ADP exchange to the same extent 
as DNP. The sensitivity of the ATP-ADP exchange to three 
different characteristic uncoupling agents strongly supports the 
view that it represents an intermediate reaction step in oxidative 
phosphorylation. 

The ATP-ADP exchange is quite sensitive to the two mer- 
curials tested. Full reversal of the inhibition by phenylmercuric 
acetate by cysteine indicates the exchange is dependent on es- 
sential —SH groups. Fluoride, which does not uncouple phos- 
phorylation in intact mitochondria, has no effect on the ATP- 
ADP exchange. The lack of effect of arsenate, an uncoupling 
agent, is not surprising since its action is that of a competitor 
for inorganic phosphate (22) which, according to experiments 
in Table IV does not influence the ATP-ADP exchange. 

The complete insensitivity of the ATP-ADP exchange to 
azide, a potent uncoupling agent for oxidative phosphorylation, 
is surprising in view of the sensitivity of the exchange to DNP, 
gramicidin, and Dicumarol. Further experiments on the signif- 
icance of the action of azide are detailed below. 

Effect of Age of Digitonin Fragments and DN P-Sensitivity of 
ATP-ADP Exchange—In the course of these experiments it 
was found that the DNP-sensitivity of the ATP-ADP exchange 
varied considerably from one preparation of digitonin fragments 
to another. In some preparations the exchange was completely 
inhibited by 5 X 10-' m DNP but in others as much as 30-40 
per cent of the activity remained insensitive to even much higher 
concentrations of DNP. At first this finding was attributed 
to varying contamination by DNP-insensitive adenylate kinase 
activity. However direct tests of the latter activity with the 
adenylate kinase assay system described showed that this ex- 
planation was inadequate. It was found, however, that the 
variations in sensitivity to DN P were caused largely by the period 
of time elapsing between preparation of the digitonin fragments 
and their assay. 

Experiments summarized in Fig. 6 show that the sensitivity 
of the ATP-ADP exchange to 5 X 10-4 m DNP in the digitonin 
fragments is a function of the age of the preparation. In very 
fresh preparations the exchange is completely inhibited by DNP. 
However, when the enzyme is stored at 2° the sensitivity of the 
ATP-ADP exchange to DNP declines sharply although there 
is relatively very little loss of total exchange activity. In the 
experiment shown, a water suspension of digitonin fragments 
was aged for 72 hours at 2°. In this period there was only 12 
per cent loss of total exchange activity but nearly all of this 
activity had gradually become insensitive to inhibition by DNP. 

Because earlier experiments had shown that aging of the digi- 
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TaBLe IV 
Inhibition of ATP-ADP(C") exchange activity 
The data were collected from a number of experiments carried 
out with standard assay system as described in text. 


Inhibition 








Additions | Concentration 
: tied - . 
DNP. 5 X 10-5 45 
DNP. 1 xX 10-4 75 
DNP. 5 X 10-4 90 
DNP 1 xX 10°% 92 
Gramicidin 5 X 10°° 60 
Gramicidin . . . 1 xX 10-5 88 
Dicumarol 5 X 10-6 60 
Dicumarol. . 1X 10°° 92 
p-Chloromercuribenzoate 1 X 10 65 
p-Chloromercuribenzoate 5 X 104 100 
Phenylmercuric acetate 1x 10 80 
Phenylmercurie acetate plus 1 xX 10% 
cysteine 0.001 0 
Sodium fluoride 0.03 0 
Arsenate 1x 10°? 0 
Sodium azide 1 xX 10°° 0 
Sodium azide 1 xX 10°? 0 
100 2, soe 
‘‘ TOTAL ACTIVITY 
FE Pailin 
2 ae 
- ihe 
oO Pi 
dq Pe 
e SOF Ps ONP-RESISTANT 
a . ACTIVITY 
Oo Pi 
it ‘ 
WwW 4 
a Yd 
/ ATP-ADP (C'*) EXCHANGE 
4 
f 1 i J 
24 48 72 


AGE OF ENZYME AT 2° (HOURS) 

Fia. 6. Effect of aging of digitonin fragments on sensitivity of 
ATP-ADP exchange to DNP. Digitonin fragments were sus 
pended in H.O (1.0 mg. total enzyme N per ml.) and kept at 2°. 
Aliquots were removed at time intervals shown and the initial 
rate of ATP-ADP(C™) exchange was measured at 23° in the ab 
sence and in the presence of 5 X 10-¢m DNP as described in text. 


tonin fragments at 2° causes loss of activity of the coupling of 
phosphorylation to respiration, the ATP-P,;* exchange and the 
ATPase activity (1), an experiment was carried out on the effect 
of aging the fragments at 2° on relationship of the DN P-sensi- 
tivity of the ATP-ADP exchange to the stability of the other 
partial reactions of oxidative phosphorylation. The data are 
shown in Table V. It is seen that the rate of loss of DNP- 
sensitivity of the ATP-ADP exchange on aging of the fragments 
at 2° is paralleled almost exactly by the rate of loss of activity 
of the DNP-sensitive ATP-P;* exchange reaction, as well as 
the rate of loss of ATPase and, especially, the DN P-stimulated 
ATPase activity. These findings thus indicate very strongly 
that a causal relationship exists between sensitivity of the ATP- 
ADP exchange to DNP and the stability of some essential 
factor or factors necessary for uptake of inorganic phosphate. 
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TABLE V 
Effect of aging digitonin fragments on ATP exchange activities 


a * 7 
Activities _ 
mymoles/30 min. 
. | ——— = 
eaction 
” Hours aged at 2° 





| 0 | 24 48 72 





= San 

ATP-OF........... | 160.0 | 75.0| 2.3 | 0.0 
+ DNP (5 X 10M)... 0.2) 0.0) 0.0) 0.0 
+ Dicumarol (1 X 10-4 Mm)... | 0.1) 0.0 0.0} 0.0 

} | | | 
ATP-ADP(C") 410. | 400. | 380. | 370. 
+ DNP (5 X 10°‘ M).. | 18. | 150. | 290. | 320. 
+ Dicumarol (1 X 10~4 m) | 20. | 150. | 290. 330. 

} | | } 
ATPase activity. . 400. | 200. | 125. 0 
+ DNP (5 X 10-* m) | 800. | 300. | 130. 0 

400. 5 


Net DNP-stimulated ATPase 


100. 5. 0 


TasBLe VI 
Effect of azide on oxidative phosphorylation, ATP 
exchanges, and ATPase activities 
Standard assay systems are as given in the text. Sodium azide 
was added in final concentration of 0.001 mM and DNP at 5 X 107-4. 


Activity 
System - 


| Component measured 


Control Azide 


pmoles X | pmoles X 
mg. N mg. ' N 


ATP-ADP(C") exchange 





Oxidative phosphorylation 
span BOH — O» —AP; | &.a 0.0 
+AAcAc a 2.8 
P:O 1.8 0.0 
ATP-P ;” exchange AATP” 1.80 0.04 
ATPase activity + DNP +AP; 13.8 | 0.8 
ATPase activity - DNP....| +4P, | 3.7 | 0.0 
| AATP(C’) | 5.4 5.5 

| 


TaBLeE VII 
Effect of azide on sensitivity of ATP-ADP exchange 
lo uncoupling agents 
The test system contained 0.003 m ATP, 0.002 m ADP(C") 
(18,000 ¢.p.m.), digitonin fragments (50 yg. of enzyme N), pH 
6.8, in a total volume of 0.5 ml. The incubation period was 20 
minutes at 23°. 





ATP-ADP(C") 
exchange 


mymoles ATP (C™) 


Ra I 5 ia ws sks 158 
5 X 104M DNP. 16 
1X 10-3 mw NaNg.. cea 154 
5 X 10°*m DNP + 1 X 10°° Mm NaN; ’ 149 

= Nee aiaks | 178 
1 X 10-4 m Dicumarol 12 
1 X 10°? mM NaN3;.. : oes 174 
1 X 10-4 m Dicumarol + 1 X 107? Mm NaN; 169 


ATP-ADP Exchange 
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From these experiments it may be concluded that the ATP-ADP 
exchange reaction per se is not DNP-sensitive. It may be postu- 
lated that DNP-sensitivity is conferred on this reaction because 
one of its reaction components is also a partner in a second en- 
zymatic reaction, normally coupled to the ATP-ADP exchange, 
which is sensitive to DNP and is readily inactivated by aging. 
This hypothesis receives further support and is developed below. 

Data in Table V also show that inhibition of the ATP-ADP 
exchange in fresh digitonin fragments by Dicumarol has similar 
characteristics; inhibition is nearly complete in a fresh prepara- 
tion but the Dicumarol sensitivity is lost on aging. 

Effect of Azide on Partial Reactions of Oxidative Phosphoryla- 
tion—The explanation offered above for alterations in DNP- 
sensitivity of the ATP-ADP exchange was corroborated by ex- 
periments on the effect of azide on the DNP-sensitivity of the 
ATP-ADP exchange. Experiments in Table IV showed that 
although the ATP-ADP exchange was inhibited in a fresh digi- 
tonin fragment preparation by the uncoupling agents DNP, 
Dicumarol, and gramicidin, it was not inhibited by sodium azide, 
which is known to uncouple oxidative phosphorylation in in- 
tact mitochondria. The sensitivity of the various partial 
reactions of oxidative phosphorylation to azide was therefore 
examined more closely. The data in Table VI show that 0.001 
M sodium azide causes complete uncoupling of oxidative phos- 
phorylation in fresh digitonin fragments without inhibiting 
respiration, as well as complete inhibition of the ATP-P;* 
exchange. However azide differs from DNP in that it yields 
essentially complete inhibition of ATPase and in fact prevents 
stimulation of ATPase by DNP. As is seen, this concentration 
of azide had absolutely no effect on the rate of the ATP-ADP 
exchange. 

These findings indicate that azide acts as an uncoupling agent 
in a manner which is quite different from the action of DNP, 
Dicumarol, and gramicidin, which in fresh preparations inhibit 
the ATP-ADP exchange and stimulate ATPase activity (1, 2). 
They also indicate that azide may act on the intermediate reac- 
tion which is also sensitive to aging of the digitonin fragments 
at 2°. 

Effect of Azide on Sensitivity of ATP-ADP Exchange to Other 
Uncoupling Agents—The preceding experiment suggested that 
azide might abolish sensitivity of the ATP-ADP exchange to 
DNP and. Dicumarol in the same way that aging at 2° brings 
about such an effect. This expectation was realized on direct 
test. Data in Table VII show that the ATP-ADP exchange is 
about 90 per cent inhibited by DNP and by Dicumarol in a 
freshly prepared suspension of digitonin fragments. However, 
when 1 X 10-3 m sodium azide was also present, DNP and Di- 
cumarol failed to inhibit the exchange measureably. In sum- 
mary, it must be concluded that azide uncouples phosphorylation 
in a manner different in kind from the uncoupling brought about 
by DNP and Dicumarol, that azide attacks the coupling system 
at that reaction step which is also relatively labile to aging at 2°, 
that the ATP-ADP exchange itself is inherently insensitive to 
DNP and Dicumarol, that sensitivity of the ATP-ADP exchange 
to these reagents in fresh digitonin fragments is conferred by 
another coupled reaction which is in turn sensitive to DNP 
and Dicumarol, and that azide or aging dissociates the ATP-ADP 
exchange reaction from the DNP-sensitive reaction. 

Soluble Preparation of Enzyme Catalyzing ATP-ADP Ex- 
change—The considerable stability of the enzyme responsible 
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for the ATP-ADP(C") exchange appeared favorable for its 
experimental separation from the phosphorylating digitonin 
fragments in soluble form. This was achieved in the following 
simple manner. 

An acetone powder of the digitonin fragments of rat liver 
mitochondria was prepared in the usual manner and kept in a 
desiccator at 2°. Samples of the powder were triturated with 
0.01 m phosphate buffer pH 6.8 at 0° for 30 minutes and the 
mixture then centrifuged at 100,000 x g for 1 hour at 2°, yield- 
ing a clear yellow supernatant fraction containing about 90 
per cent of the activity of the original digitonin fragments with 
respect to ATP-ADP exchange activity, optimally measured 
in the presence of excess MgCl., but less than 10 per cent of the 
total nitrogen. The enzyme was thus not only brought into 
solution but also purified some 10-fold with little loss in activity. 

Data summarized in Table VIII show that the soluble enzyme 
is completely insensitive to DNP, Dicumarol, gramicidin and 
azide. The soluble preparation had no detectable activity in 
promoting the ATP-P,* exchange reaction, and no detectable 
ATPase activity. 

It was found that the ATP-ADP exchange reaction in the 
undialyzed soluble preparation was often stimulated by Mg** 
or Mn++. Dialysis against distilled H,O at 2° for 16 hours 
caused complete loss of activity, which was completely restored 
by addition of either Mg** or Mn** (Table VIII). 

The soluble preparations contain no detectable cytochromes 
reducible by dithionite but do contain considerable flavoprotein, 
as revealed by difference spectra of the oxidized and reduced 
states (8). Adenylate kinase activity present in the original 
digitonin fragments is also brought into solution by the method 
used, but is relatively very low in activity. 


DISCUSSION 


The findings on the ATP-ADP exchange reaction described in 
this paper are consistent with and provide further experimental 
support for the general reaction pattern earlier postulated for 
the coupling mechanism in oxidative phosphorylation (23, 1, 
3) and stated briefly in the following equations: 


Carrier + X flectron_ transfer, Carrier ~ X (4) 
Carrier ~ X + P; @ Carrier + P ~ X (5) 
P~ xX + ADP2 X + ATP (6) 


The ATP-P;* exchange reaction described earlier (1) is believed 
to represent the sum of Equations 5 and 6 and the ATPase 
activity (2) can be ascribed to the participation of Equation 6 
and then Equation 5 (in the reverse of the stated directions), 
followed by hydrolytic decomposition of Carrier ~ X, or its 


equivalent: 


Carrier ~ X + HO — Carrier + X (7) 


which leads to accumulation of inorganic phosphate by mass 
action effects on Equation 5. 

The data presented in this paper support the view that the 
ATP-ADP exchange reaction may be represented by Equation 6. 
It may thus be regarded as the terminal reaction of oxidative 
phosphorylation by which ATP is formed from the reaction of 
ADP with a “high-energy” phosphate donor, possibly a phospho- 
enzyme, P ~ X. The formulation shown is also supported by 
the demonstration that ADP is a necessary component for the 
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Taste VIII 
ATP-ADP exchange in soluble enzyme preparation 


The enzyme was prepared as given in the text. The systems 
contained 0.001 m labeled ADP as shown, 0.005 m ATP, pH 6.5, 
metal ions where indicated, and 15.0 ug. of enzyme N in a total 
volume of 0.50 ml. The incubation period was 30 minutes at 23°. 





| Labeled ATP formed 


Reaction conditions 
mumoles 

1. Complete system (no metal ions added)..... .| 613 
+5&X 10-*mu DNP........ 604 

+ 5 X 10-§ m Dicumarol... 610 

+ 5X 10-° M gramicidin.... ‘ 608 

+ 1X 10-* m azide ; 615 

2. Complete system bs : 350 
+ 0.005 m MgCle............ 600 

+ 0.005 m MnCl,.......... 650 
Enzyme dialyzed... . ; 5 

+ 0.005 m MgClo...... 590 

+ 0.005 m MnCl. eae ; ; 630 


ATP-P;* exchange reaction (1), as required by this formulation 
(Equations 5 and 6). In addition it is now shown that inorganic 
phosphate is not necessary for the ATP-ADP exchange reaction, 
which can proceed without simultaneous incorporation of P;* 
into ATP. These findings thus exclude the following alterna- 
tive formulation based on an ADP-enzyme intermediate: 


Carrier ~ X + ADP @ ADP ~ X + Carrier (8) 
ADP ~ X + P; @ ATP +X (9) 


which demands, contrary to experimental finding, that ADP 
is not required for the ATP-P,” exchange and that inorganic 
phosphate is required for the ATP-ADP exchange reaction. The 
formulation for the ATP-ADP exchange given in Equation 6 
is also consistent with results of isotopic experiments with O" 
as tracer, which exclude phosphorolysis of an ADP-enzyme as 
the mechanism of ATP formation in oxidative phosphorylation 
(24). 

Although the experiments described do not prove the oc- 
currence of a covalently bonded phospho-enzyme intermediate 
in the exchange, they are fully consistent with such a mechanism, 
which in the light of current developments on the mechanism 
of phosphate-transferring enzymes appears as the most proba- 
ble structure for an intermediate. Rat liver mitochondria are 
known to contain considerable phosphoprotein which becomes 
labeled with P® during oxidative phosphorylation experiments 
with labeled phosphate (25). Fractions of this phosphoprotein 
have been found to assume very high specific activities (26, 27). 
For this reason Kennedy and Smith (27) have suggested that 
mitochondrial phosphoprotein may actually represent phospho- 
enzymes which participate normally in mitochondrial trans- 
phosphorylations. The requirement of essential —SH groups 
for the ATP-ADP exchange activity is suggestive of the forma- 
tion of an intermediate thioester linkage with phosphate; 
however, this observation does not exclude other functional 
groups as points of esterification. 

The experiments with the uncoupling agents and the effect 
of aging provide important information on the specifie loci in 
the coupling reaction sequence which these agencies affect. This 
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Electron 
Transport 


Carrier + X — Carrier ~ X (4) 


t 
ATPase 
[Stimulated by DNP] 


Carrier ~ X + P, = Carrier + P~ X (5) 
Inhibi’ ~ by azide | 
inactivated by aging 

P~ X + ADP =\ATP + X (6) 
Insensitive to DNP, 
Dicumarol, gramicidin, 
and azide. Stable to 
aging. Inhibited by 

PCMB 
Fia. 7. Sites of action of uncoupling agents 


information is summarized in Fig. 7. The reactions responsible 
for the ATP-P;* exchange are presumbly Equations 5 and 6. 
This exchange is inhibited by DNP, gramicidin, Dicumarol, 
and azide, each of which must, therefore, interfere with some 
specific component of Equation 5 or 6 or some other component 
with which these reactions may be in labile equilibrium. How- 
ever, in aged preparations, which are unable to catalyze the 
ATP-P;® exchange, the ATP-ADP exchange still occurs, does 
not require phosphate, and is not inhibited by DNP or azide. 
The ATP-ADP exchange may thus be represented by Equation 
6 (see Fig. 7); it is not itself sensitive to the classical uncoupling 
agents. By difference, then, Equation 5 must be the site of 
action of DNP, Dicumarol, gramicidin, and azide. 

This view is consistent with the finding that in fresh digitonin 
fragments the ATP-ADP exchange is inhibited by DNP, 
gramicidin, and Dicumarol. It may be concluded that sensi- 
tivity to these uncoupling agents is conferred on the ATP-ADP 
exchange in fresh fragments because it is in equilibrium with 
Equation 5 which is sensitive to these agents, through having a 
common reaction component here postulated as P ~ X. Ob- 
viously, removal of P ~ X by shift in equilibrium of Equation 5 
can be expected to cause inhibition of Equation 6. 

DNP, Dicumarol, and gramicidin all cause stimulation of 
ATPase activity, presumably by accelerating Equation 7 or 
some other reaction ultimately capable of causing net hydrolysis 
of Carrier ~ X. However azide does not stimulate ATPase 
activity and actually prevents the stimulating action of DNP. 
Azide thus has an action which is fundamentally different from 
that of DNP, Dicumarol, and gramicidin. Furthermore its 
site of action must lie between the site of action of DNP on one 
hand and the azide-insensitive ATP-ADP exchange on the other. 
This conclusion is strongly supported by the finding that azide 
prevents the inhibitory action of DNP on the ATP-ADP ex- 
change in fresh mitochondrial fragments; azide thus insulates 
the ATP-ADP exchange from the loss of an essential reaction 
component (P ~ X) through DNP-stimulated hydrolytic 
destruction of Carrier ~ X. Azide can then be postulated 
to inhibit the enzyme catalyzing Equation 5, perhaps by inter- 
fering in the reaction of P ~ X with carrier, whereas DNP 
causes nonenzymatic decomposition of carrier ~ X by a dis- 
placement reaction followed by spontaneous hydrolysis. These 
relationships are summarized in Fig. 7. It must be pointed out 
again that additional intermediate reactions may exist between 


the three fundamental reaction steps of coupling shown. For 
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example, it is conceivable that the azide-sensitive step actually 
is an additional reversible reaction occurring between Equations 
5 and 6. Similarly, stimulation of hydrolysis of carrier ~ X 
may occur through an additional reaction. In any case, these 
experiments define the sites of action of the uncoupling agents 
relative to each other and may now be used as diagnostic land- 
marks in further efforts at dissection of the reaction sequence 
in energy coupling. 

The successful separation of the enzyme catalyzing the ATP- 
ADP exchange in soluble form and in high yield, having no ac- 
tivity in the ATP-P;* exchange and no ATPase activity, makes 
possible purification of the enzyme and precise study of its 
kinetics, equilibrium properties, and mechanism of the ATP- 
ADP exchange which are not possible with the insoluble digi- 
tonin fragments because of their particulate nature and their 
relatively high ATPase activity, which causes continuous changes 
in concentrations of the reaction components. The preliminary 
experiments with the soluble exchange enzyme have already 
revealed two points of major importance. First, the dialyzed, 
soluble enzyme requires Mg++ or Mn++ for activity. It will 
be recalled that the digitonin fragments do not require additions 
of Mg++ or Mn*+ for oxidative phosphorylation (3, 4), as do the 
phosphorylating fragments prepared from mitochondria by 
sonic vibration (28, 29); however, the digitonin fragments con- 
tain considerable bound Mg++ (3). A second point of impor- 
tance is that the activity of thoroughly dialyzed soluble enzyme 
is fully restored by Mgt+ or Mn++, making it rather unlikely 
that the ATP-ADP exchange is dependent on other easily dif- 
fusible small molecules. ' 

The skeleton reaction mechanism postulated for coupling of 
phosphorylation to electron transfers represented by Equations 
4, 5 and 6 implies that P ~ X may be a phospho-enzyme capa- 
ble of reacting either with ADP (Equation 6) or with a free 
respiratory carrier molecule (Equation 5). Experiments are 
being carried out with the soluble enzyme preparation to examine 
this possibility. However it may be pointed out that Equations 
4, 5, and 6 represent only the simplest statement of the coupling 
mechanism (3); intermediate reactions may occur. Thus it is 
possible that P ~ X does not react with an electron carrier 
directly but may first react with some intermediate “phosphate- 
collecting’ enzyme which may be common to all three energy- 
transforming sites in the respiratory chain (3). In either case 
ability of the phospho-enzyme to react with a substance in addi- 
tion to ADP is assumed and probable. Identification of the 
other reaction partner or partners reactive with P ~ X may 
now be experimentally feasible through reconstruction ap- 
proaches using the soluble purified exchange enzyme. 

Precise kinetic interpretations of exchange data of reversible 
systems at equilibrium are very complex and can be used for 
quantitative enzyme assay and for mechanism studies only with 
appreciation of the complexities involved (21). The assay of 
the ATP-ADP reaction at or near equilibrium by initial isotopic 
exchange rates is the only method available and appears to be 
satisfactory for the time being. However, exact nonequi- 
librium studies of kinetic properties and mechanism would first 
require identification of the other reaction partner implied in the 
postulated mechanism. 


SUMMARY 


Rapid and reversible incorporation of isotopically-labeled 


adenosine diphosphate (ADP) into adenosine triphosphate 
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(ATP) in the absence of electron transport occurs in subfrag- 
ments of rat liver mitochondria which are known to be capable 
of oxidative phosphorylation, dinitrophenol-stimulated ATPase 
activity, and the ATP-P;® exchange reaction. The reaction 
is followed by measurement of radioactivity of the nucleotides 
after separation by paper chromatography; C'-labeled ADP 
is incorporated into ATP at the same rate as P*-labeled ADP. 
The ATP-ADP(C") exchange reaction cannot be attributed 
to known phosphate-transferring reactions involving ATP 
and ADP. It does not require participation of inorganic phos- 
phate nor does it involve other nucleoside 5’-di- or triphosphates. 
The exchange reaction proceeds to isotopic equilibrium between 
ADP and ATP. 

In freshly prepared digitonin fragments the ATP-ADP 
exchange is inhibited by the uncoupling agents dinitrophenol, 
Dicumarol, gramicidin, but not by azide. After aging of the 
enzyme preparation there is little change in the total activity 
of the exchange reaction but it is no longer inhibited by dini- 
trophenol or Dicumarol. Similarly, the presence of azide 
abolishes sensitivity of the exchange to dinitrophenol and Di- 


C. L. Wadkins and A. L. Lehninger 


1597 


cumarol. These treatments make possible a functional separa- 
tion of the ATP-ADP exchange reaction, formulated as 


ADP +P~X=2X + ATP 


from the preceding enzymatic reactions of the coupling mecha- 
nism of oxidative phosphorylation. A phospho-enzyme inter- 
mediate is postulated; participation of an ADP-enzyme com- 
plex is excluded. The reaction is believed to represent the 
terminal step of oxidative phosphorylation. 

The relatively stable enzyme catalyzing the exchange has been 
obtained in soluble and 10-fold purified form from extracts of 
acetone-dried digitonin fragments, free of ATPase and ATP-P 
exchange activity. Activity of the soluble exchange enzyme is 
completely lost on dialysis but is fully restored by addition of 
Mg++ or Mn**. 
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Acetate(s): Labeled, biosynthesis in 
vitro from, and testosterone-4-C", 
estradiol-178, — follicle-stimulating 


hormone, effect, Hollander and 
Hollander, 1097 
Metabolism, insulin, effects, and 


glucose, pyruvate: rat adipose 
tissue, in vitro, studies, Winegrad 
and Renold, 267 
Acetobacter suboxydans: Glucose and 
gluconate’ dissimilation, Kitos, 
Wang, Mohler, King, and Cheldelin, 
1295 

Acetobacter xylinum: Phosphorolytic 
cleavage, fructose-6-phosphate, by 
fructose-6-phosphate phosphoketo- 
lase, Schramm, Klybas, and Racker, 
1283 

Acetolactate: Formation; isoleucine, 
valine, metabolism, Escherichia 
coli, Umbarger and Brown, 1156 
Acetylcholine: Exchange, inositol, phos- 
phate, in brain phosphoinositide, 


Hokin and Hokin, 818 
—, phosphate, phosphatidic acid, 
brain microsomes, Hokin and 
Hokin, 822 


Acetylene: Compounds, enzymatic util- 
ization; acetylenedicarboxylic acid, 
conversion, pyruvate, Yamada and 
Jakoby, 706 

Acetylenedicarboxylic acid: Conversion, 
pyruvate; acetylenic compounds, 
utilization, Yamada and Jakoby, 

706 

Acetylglucosamine: N-, carbohydrate 

metabolism, rat liver, and glucosa- 


mine, Spiro, 546 
ACTH: See Adrenocorticotropin hor- 
mone 


Acyl: Fatty derivatives, dehydrogena- 
tion mechanism, coenzyme A: 
butyryl dehydrogenase, green color, 
Steyn-Parvé and Beinert, 843 

—, —, —; stable enzyme-substrate 
complexes, Steyn-Parvé and Beinert, 
843 

Acylase: |, hog kidney; dialkylfluoro- 
phosphatase, comparison, Bell and 
Mounter, 900 

—, —; substrate specificity, Mounter, 
Dien, and Bell, 903 

Adenine: 1-N-oxide derivatives, bio- 

logical activities; purine \-oxides, 
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Adenine—continued: 
Brown, Clarke, Biesele, Kaplan, and 
Stevens, 1509 


—, xanthine oxidase, action; purine 
N-oxides, Brown, Stevens, and 
Smith, 1513 

Adenosine: Carbon skeleton, purine 
nucleosides, ribonucleic acid and 
deoxyribonucleic acid, Neurospora, 
McNutt, 193 

Adenosine diphosphate: Exchange re- 
action, and adenosine triphosphate, 
oxidative phosphorylation, Wad- 
kins and Lehninger, 1589 

Adenosine-5’-phosphosulfate: Synthe- 
sis, enzymatic, Robbins and Lip- 


mann, 686 
Adenosine triphosphate: Activating 
effect, brain, adenylic deaminase, 
Mendicino and Muniz, 178 


Exchange reaction, and adenosine 
diphosphate, oxidative phosphory]- 
ation, Wadkins and _ Lehninger, 

1589 

Formation, amino acyl adenylates, 

enzymatic utilization, Berg, 601 
Adenosyl-L-methionine: S-, choline, 
creatine, cysteine, synthesis, in 
vivo, in vitro, Stekol, Anderson, and 
Weiss, 425 

—, enzymatic decomposition, Shapiro 

and Mather, 631 
Adenylic deaminase: Brain, adenosine 
triphosphate, activating effect, 
Mendicino and Muniz, 178 
Adrenal(s): Glands, rat, exogenous 
requirements, adrenocorticotropic 
hormone, action in vitro, Péron 
and Koritz, 256 

Human fetal, biosynthesis by, A*- 

androstenedione, 17a-hydroxypro- 


gesterone, from progesterone, 
Solomon, Lenman, Lind, and Lie- 
berman, 1084 


Adrenaline: Secretion, adrenal medulla, 
and phospholipides, Hokin, Benfey 
and Hokin, 814 

Adrenocorticotropic hormone(s): Acti- 
vation, adrenal phosphorylase, 
Haynes, 122 

Exogenous requirements, action in 
vitro, rat adrenal glands, Péron 
and Koritz, 256 

Adrenocorticotropin: Secretion, and cor- 
ticosteroids, phospholipides, Hokin, 
Hokin, Saffran, Schally, and Zim- 
merman, Sil 
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Albumin: Acid-, complex, fatty; uptake, 
lipoproteins, ascites tumor cells, 
Fillerup, Migliore, and Mead, 98 

Serum, requirement, oxidative phos- 
phorylation, flight muscle mito- 
chondria, Sacktor, O'Neill, and 
Cochran, 1233 

—, specific binding, .-tryptophan, 


McMenamy and Oneley, 1436 
Aldolase: Liver, bovine; isolation, 
crystallization, general properties, 
Peanasky and Lardy, 365 


—; measurements, physical, chem- 
ical, Peanasky and Lardy, 371 
Aldonolactase: Animal tissues, and 
uronolactases, Winkelman and Leh- 
ninger, 794 
Alloxan: Tryptophan peroxidase, in- 
duction, and insulin, Schor and 
Frieden, 612 
Amidotransferase: 5-Phosphoribosylpy- 
rophosphate; purine biosynthesis, 


Hartman and Buchanan, 451 
Amino acid(s): Activation, plant tissues, 
Clark, 421 


—, relation, vitamin B,:; and pro- 
tein biosynthesis, Wagle, Mehta, 
and Johnson, 619 

Aromatic, transamination, enol bo- 
ratetautomerase method, and keto 
acid oxidation, Lin, Pitt, Civen, and 
Knox, 668 

C-terminal, sequence, growth hor- 
mones, human, monkey, whale, 
and sheep, pituitary glands, Li, 
Parcells, and Papkoff, 1143 


Content; epiphyseal palate, long bone, 
chemical composition, Castellani 
and Castellani-Bisi, 920 


xchange diffusion, transport, intra- 
cellular level, in Ehrlich carcinoma 
cells, Heinz and Walsh, 1488 
Imbalance, nitrogen retention, adult 
rats, Kumta, Harper, and Elvehjem, 


1505 

Irish moss, Chondrus crispus, and 
peptides, proteins, Young and 

Smith, 406 


Labeled, incorporation, protein, mus- 
cle and liver mitochondria, McLean 
Cohn, Brandt, and Simpson, 657 

Mammalian transport, carboxyl oxy- 
gen, nonexchange, Christensen, Par- 
ker, and Riggs, 1485 

N-terminal, growth hor- 
mones, human, monkey, whale, and 


analysis, 
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Amino acid(s)—continued: 

beef, pituitary glands, Parcells and 
Li, 1140 
Sequence, diisopropylphosphory] bind- 
ing, diisopropylphosphoryltrypsin, 
Dizon, Kauffman, and Neurath, 
1373 

Spectra, resonance, proton magnetic, 
Jardetzky and Jardetzky, 383 
Synthesis, reversal, oxidase reaction, 
Radhakrishnan and Meister, 444 
System, incorporating, microsomes, 


rat liver, Sachs, 643 
—, —, —, pyrophosphate, Sachs, 
650 


Transport, potassium migration, 
Riggs, Walker, and Christensen, 
1479 

Ultraviolet, difference spectra, tyro- 
sine groups, and proteins, Wet- 
laufer, Edsall, and Hollingworth, 


1421 
Amino acyl adenylate(s): Synthesis, 
chemical, Berg, 608 


Utilization, enzymatic, adenosine tri- 
phosphate, formation, Berg, 601 
Aminobutyric acid: y-, a-ketoglutaric 
acid, transaminase, beef brain, 
Baxter and Roberts, 1135 
Amino groups: End, and _ physical 
constants, abnormal human serum 
globulins, Putnam, 1448 
Aminoisobutyric acid: C'-a-, dimin- 
ished uptake, vitamin B,-defi- 
cient rat tissue, Riggs and Walker, 

132 

Aminolevulinic acid: 6-, enzymatic 
synthesis, Kikuchi, Kumar, Tal- 
mage, and Shemin, 1214 
Aminonicotinamide: 6-, niacin antago- 
nist, mechanism of action; pyridine 
nucleotide metabolism, Dietrich, 
Friedland, and Kaplan, 964 
Amino -N - ribosylacetamide - 5’ - phos- 
phate kinosynthase: Purine bio- 
synthesis, Hartman and Buchanan, 
456 

Androstenedione: A‘-, and 17a-hydroxy- 
progesterone, biosynthesis, proges- 
terone, human fetal adrenals, 
Solomon, Lanman, Lind, and Lie- 
berman, 1084 
Arginine: Benzoyl-L-, ethyl ester, hy- 
drolysis; kinetics, papain action, 
Smith and Parker, 1387 
Culture, tissue, requirement; related 
compounds, relationship, Morgan, 
Morton, and Pasieka, 664 
Arginine-vasotocin: Synthetic analogue, 
posterior pituitary hormones, oxy- 


Subject Index 


Arginine-vasotocin—continued: 
tocin ring, vasopressin side chain, 
Katsoyannis and du _ Vigneaud, 
1352 
Argininosuccinic acid: Reversible for- 
mation; urea biosynthesis, Petrack 
and Ratner, 1494 
Artery: Pudic, unilateral injection, 
glycerol-1 ,3-C", milk constituents; 
lactose synthesis, Wood, Joffe, 
Gillespie, Hansen, and Harden- 
brook, 1264 
Ascites: Ehrlich tumor cells in vitro, 
glucose, nucleosides, effect, purine 
synthesis, Harrington, 1190 
Tumor, uptake, lipoproteins, fatty 
acid-albumin complex, Fillerup, Mi- 
gliore, and Mead, 98 
Ascorbic acid: Synthesis, liver extracts, 
animals deprived of tocopherol, 
Mn*+ and Co*t+ requirements, 
Caputto, McCay, and Carpenter, 


1025 

Aspartase: Reaction, stereospecificity, 
Krasna, 1010 
Aureomycin: Resistance, enzymatic 


basis; electron transport inhibition, 
Escherichia coli, Saz and Mar- 
tinez, 1020 
Azotobacter: Reduced diphosphopyri- 
dine nucleotide oxidase, purifica- 
tion, properties, Repaske and Josten, 

466 


B 


Bacillus subtilis: Culture filtrates, p- 
and L-glutamyl polypeptides, isola- 
tion, Thorne and Leonard, 1109 

Betaine: Synthesis, Beta vulgaris, and 
choline, Delwiche and_ Bregoff, 

430 

Beta vulgaris: Betaine, choline, synthe- 
sis, Delwiche and Bregoff, 430 

Bile acid(s): Isomeric 3a, 6,7-trihy- 
droxycholanic acids, structures, 
Hsia, Elliott, Matschiner, Doisy, 
Thayer, and Doisy, 1337 

Transformation, enterohepatic circu- 
lation, cholic acid, and steroids 68, 
Arne and Sjévall, 872 

Biotin: Carboxylation, B-hydroxyisoval- 

eryl coenzyme A; carbon dioxide, 


enzymatic activation, Woessner, 
Bachhawat, and Coon, 520 
Lactobacillus arabinosus, permeability , 
Lichstein and Ferguson, 243 
Yeast glycolysis, Strauss and Moat, 
765 


Blood: Glucagon-like material in, man 
and dog, Makman, Makman, and 
Sutherland, 894 
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Bone: Long, epiphyseal plate, chemical 
composition; content of amino 
acids, Castellani and Castellani- 
Bisi, 920 

Bone salt: Solubility, fluoride, Kut- 
nerian and Kuyper, 760 

Bryophyllum calycinum: Leaves, potas- 
sium dihydrogen Ls(+)-isocitrate, 
preparation, Vickery and Wilson, 

14 

Butyryl: Dehydrogenase, green color: 
fatty acyl derivatives, dehydrogen- 
ation mechanism, coenzyme A, 
Steyn-Parvé and Beinert, 843 


Cc 


C4; See Carbon, labeled 

Calcium: Metabolism, studies, Clark 
and Geoffrey, 203 203 

Canavanine: Enzymatic cleavage, ho- 
moserine, hydroxyguanidine, Kal- 
yankar, Miyoshi, and Snell, 1175 

Carbamyl: Phosphate synthetase, mech- 
anism, action, Metzenberg, Mar- 


shall, and Cohen, 1560 
—, purification, frog liver, Marshall, 
Metzenberg, and Cohen, 102 


Carbohydrate(s): Metabolism, rat liver; 
alterations, dietary variation, Lan- 
dau, Hastings, and Zottu, 1257 

Utilization, human cell cultures, 
Eagle, Barban, Levy, and Schulze, 
551 

Carbon: 2, Imidazole, utilization, histi- 
dine, purines, bacteria, biosynthe- 
sis, Revel and Magasanik, 439 

Labeled, distribution, hexose phos- 
phates, recycling, pentose cycle, 
effect, Woou and Katz, 1279 

Carbon dioxide: Enzymatic activation; 
biotin carboxylation, $8-hydroxy- 
isovaleryl coenzyme A, Woessner, 
Bachhawat, and Coon, 520 

Carboxyl oxygen: Nonexchange, mam- 


malian amino acid transport, 
Christensen, Parker and Riggs, 
1485 


Catabolism: Glucose, fetal, adult, heart, 
Jolley, Cheldelin, and Newburgh, 
1289 

Catechol(s): Amines, O-methylation, in 
vivo, Axelrod, Senoh, and Witkop, 
697 

O-methylation, enzymatic, and epi- 
uephrine, Azelrod and Tomchick, 
702 

Cell(s): Ascites, tumor, uptake, lipopro- 
teins, fatty acid-albumin complex, 
Fillerup, Migliore, and Mead, 

98 
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Cell(s)—continued: 

Culture, mammalian, enzyme activ- 
ity, Lieberman and Ove, 634 
—, protein growth factor, Lieberman 
and Ove, 637 
Ehrlich ascites tumor, in vitro, glu- 
cose, nucleosides, effect, purine 
synthesis, Harrington, 1190 
—, carcinoma, amino acids, exchange 
diffusion, transport, intracellular 
level, Heinz and Walsh, 1488 
Fractions, pig heart, phosphatides, 
Marinetti, Erbland, and _ Stotz, 
562 
-free extracts, and chromatophores, 
Rhodospirillum rubrum, photore, 
duction, pyridine nucleotides, Ver- 
non, 212 
— systems, deiodination, diiodotyro- 
sine, Stanbury and Morris, 106 
Human, cultures, carbohydrates, uti- 
lization, Eagle, Barban, Levy, and 
Schulze, 551 
Mast, isolated, fractions, inhibition, 
hyaluronidase, microdetermination, 

Glick, Ottoson, and Edmondson, 
1241 
Normal, T2r-infected, Escherichia 
coli, strain B, acid-soluble fraction, 
analysis, O’ Donnell, Mackal, and 
Evans, 1523 
T2r-infected, normal, Escherichia colt, 
strain B, acid-soluble fraction, 
analysis, O’ Donnell, Mackal, and 
Evans, 1523 
Cerebroside: Gaucher's disease, rein- 
vestigation, Rosenberg and Chargaff, 
1323 
Cholestenone: Biochemical transforma- 
tion of, cholesterol, Rosenfeld and 
Hellman, 1089 
Cholesterol: Absorption, and fat, lymph 
and serum lipopreteins, composi- 
tion and concentration, Hillyard, 
Chaikoff, Entenman, and Rein- 
hardt, 838 
—, mechanism; changes, free and es- 
terified pools, mucosa, feeding, 
-4-C4, Swell, Trout, Hopper, Field, 
and Treadwell, 49 
Biochemical transformation to, cho- 
lestenone, Rosenfeld and Hellman, 


1089 
Biosynthesis, squalene, turnover, re- 
lation, Loud and Bucher, 37 


4,4-Dimethyl-, isomeric, synthesis, 
lanosterol metabolite, identifica- 
tion, Gautschi and Bloch, 1343 
Fats, absorption, chyluria, Blom- 
strand and Ahrens, 327 


Subject Index 
Cholesterol—continued: 
Metabolism, scorbutic guinea pigs, 
Banerjee and Singh, 336 


Cholic acid: Transformation, entero- 
hepatic circulation, bile acids, 
steroids 68, Arne and Sjévall, 

872 

Choline: Deoxycytidine diphosphate, 
and deoxycytidine diphosphate 
ethanolamine, Novikoff hepatoma; 
phosphorus compounds, animal 
tissues, Schneider and Rotherham, 

948 
S-adenosyl-L-methionine, synthesis, 
in vivo, in vitro, and creatine, 
cysteine, Stekol, Anderson, and 


Weiss, 425 
Synthesis, Beta vulgaris, and betaine, 
Delwiche and Bergoff, 430 


Chondroitinsulfuric acid: B, 8-heparin, 
chemistry, Cifonelli, Ludowieg, and 
Dorfman, 541 

Chromatography: Cellulose ion exchange 
agents; mammalian tyrosinase, 
studies, Brown and Ward, 77 

Silicic acid, complex lipide mixtures, 
separation, Hirsch and Ahrens, 
311 

Chromatophores: Rhodospirillum  ru- 
brum, inhibition, reduced diphos- 
phopyridine nucleotide oxidase, 
activity, illumination, White and 
Vernon, 217 

—, photoreduction, pyridine nucleo- 
tides, and cell-free extracts, Vernon, 
212 

Chyluria: Fat, absorption; palmitic and 

oleic acids, Blomstrand and Ahrens, 
321 

Chymotrypsin: Inactivation, reversi- 
bility, Aldrich and Balls, 1355 

Chymotrypsinogen: a-, disulfide bonds, 
cleavage, and trypsinogen, Pechére, 
Dixon, Maybury, and Neurath, 

1364 

Citric acid: Cycle, enzymes, avian em- 

bryo, Mahler, Wittenberger, and 


Brand, 770 
Citrinin: Biogenesis, Schwenk, Alexan- 
der, Gold, and Stevens, 1211 


Citrovorum factor: Folic acid conver- 
sion, studies in vivo, Doctor, 982 
Cot+: Requirements, and Mn*+, ascor- 
bie acid synthesis, liver extracts, 
animals deprived of tocopherol, 
Caputto, McCay, and Carpenter, 
1025 
Coenzyme: A, acetyl, condensing en- 
zyme, DO, Marcus and Vennes- 
land, 727 
—, fatty acyl derivatives, dehydro- 
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Coenzyme—continued: 
genation mechanism: butyry! de- 
hydrogenase, green color, Steyn- 
Parvé and Beinert, 853 
—, —, dehydrogenation mechanism: 
stable enzyme-substrate complexes, 
Steyn-Parvé and Beinert, 843 
—, B-hydroxyisovaleryl, biotin, car- 
boxylation; carbon dioxide, enzy- 
matic activation, Woessner, Bach- 
hawat, and Coon, 520 
—, B-hydroxy-8-methylglutaryl, de- 
acylase, Dekker, Schlesinger, and 
Coon, 434 
—, palmityl, fatty acid, synthesis, 
pigeon liver system, Porter and 


Long, 20 
—, phosphorylation, oxidative, Me- 
Murray and Lardy, 754 
Complexes, — glyceraldehyde-3-phos- 
phate, lactic dehydrogenase, fluo- 
rescence spectra, polarization, 
Velick, 1455 


Collagen: Heat precipitation, neutral 
salt solutions, rate-regulating fac- 
tors, Gross and Kirk, 355 
Compound: 260, structure; bacterial 
oxidation, vitamin Bs, Jkawa, 
Rodwell, and Snell, 1555 
Corticosteroid: Secretion, and adreno- 
corticotropin, phospholipides, Ho- 
kin, Hokin, Saffran, Schally, and 
Zimmerman, 811 
Creatine: S-adenosy|-L-methionine, syn- 
thesis, in vivo, in vitro, and choline, 
cysteine, Stekol, Anderson, and 
Weiss, 425 
Creatinine: Test, specific, Sullivan and 
Trreverre, 530 
Cysteine: Content, human hemoglobin, 
Cole, Stein, and Moore, 1359 
S-adenosyl-L-methionine, synthesis, 
in vivo, in vitro, and choline, cre- 
atine, Stekol, Anderson, and Weiss, 
425 
Cystine: Desulfurase, activity, mouse 
tumors, Stekol, Weiss, and Ander- 
son, 936 
Cytidine: Incorporation, carbon skele- 
ton, pyrimidine nucleosides, ribo- 
nucleic acid, deoxyribonucleic acid, 
Neurospora, McNutt, 189 
Cytochrome(s): 556, purification, pig 
liver; electron transport, enzymes, 
studies, Raw, Molinari, do Amaral, 
and Mahler, 225 
b, kinetics, inhibition, succinic oxi- 
dase system, Chance, 1223 
—, purification, characterization, 
Bernstein and Wainio, 361 

c, mammalian, reductase, cofactor, 











1614 


Cytochrome(s)—continued: 
tocopherol; lipides, electron trans- 
port, Donaldson, Nason, and Gar- 
rett, 572 
ce, reductase lipide cofactor; lipides, 
electron transport, Donaldson, Na- 
son, Lehman, and Nickon, 566 
Reductase: microsomal, interaction, 


nucleotides, Strittmatter, 748 
D 
Deacylase: $-Hydroxy-8-methylgluta- 


ryl coenzyme A, Dekker, Schles- 
inger, and Coon, 434 
Dehydrogenase: Butyryl, green color: 
fatty acyl derivatives, dehydrogen- 
ation mechanism, coenzyme A, 
Steyn-Parvé and Beinert, 843 
Dihydroorotic, purification, proper- 
ties, Friedmann and Vennesland, 


1398 

L-Glutamic acid; enzyme sulfhydry] 
groups, Hellerman, Schellenberg, 
and Reiss, 1468 
Glutamic, beef liver, zine, Adelstein 
and Vallee, 589 


Glyceraldehyde-3-phosphate, hydro- 
lytic activity, Park and Koshland, 
986 

Lactic, coenzyme complexes, fluo- 
rescence spectra, polarization, and 
glyceraldehyde-3-phosphate, Ve- 
lick, 1455 
Ribitol; enzyme purification and 
properties, Fromm, 1049 
Dehydrogenation: Mechanism, fatty 
acyl derivatives, coenzyme A: 
butyryl dehydrogenase, green color, 
Steyn-Parvé and Beinert, 853 
Mechanism, fatty acyl derivatives, 
coenzyme A: stable enzyme-sub- 
strate complexes, Steyn-Parvé and 


Beinert, 843 
Dehydroshikimic acid: 5-, enzymatic 
conversion, protocatechuic acid, 
Gross, 1146 


Deiodination: Diidotyrosine, cell-free 
systems, Stanbury and Morris, 

106 

Deoxycytidine diphosphoethanolamine: 

Acid-soluble extract, calf thymus, 

and ribose analogue, Potter and 

Buettner-Janusch, 462 

Deoxycytidylic acid: Enzymatic phos- 
phorylation, Maley and Ochoa, 

1538 

Deoxy-6-fluoroglucose: 6-, utilization, 
kidney tissues, Serif and Wick, 

559 

Deoxyguanosine: Enzymatic cleavage, 

deoxyguanosine triphosphate, and 


Subject Index 


Deoxyguanosine—continued: 
tripolyphosphate, Kornberg, Leh- 
man, Bessman, Simms, and Korn- 
berg, 159 

Deoxyguanosine triphosphate: Enzy- 
matic cleavage, deoxyguanosine 
and tripolyphosphate, Kornberg, 
Lehman, Bessman, Simms, and 
Kornberg, 159 

Deoxyribonuclease: Specificity; trinu- 
cleotide hydrolysis, Potter, Laurila, 
and Laskowski, 915 

Deoxyribonucleate: Denatured, recog- 
nition, estimation, Shack, 677 

Deoxyribonucleic acid: Carbon skeleton, 


adenosine, incorporation, purine 
nucleosides, and ribonucleic acid, 
Neurospora, McNutt, 193 


—, cytidine, incorporation, pyrimi- 
dine nucleosides, and ribonucleic 
acid, Neurospora, McNutt, 189 

Enzymatic synthesis, Escherichia coli; 
preparation, substrates, partial puri- 
fication, Lehman, Bessman, Simms, 
and Kornberg, 163 

—; general properties, Bessman, Leh- 
man, Simms, and Kornberg, 171 

Fluorometric measurement, animal 
tissues, central nervous system, 
Kissane and Robins, 184 

Thymidine, incorporation, enzymes, 
rat tissues, Bollum and Potter, 478 

Thymine, fluorometric determination, 
and derivatives, Roberts and Fried- 
kin, 483 

Deoxyribose: Biosynthesis, Escherichia 
coli, Bernstein and Sweet, 1194 

Carbon labeled, bacterial degrada- 

tion, Bernstein, Fossitt, and Sweet, 
1199 

Deoxyribose-5-phosphate: Metabolism, 
normal liver, malignant hepatoma, 


Boxer and Shonk, 535 
Deoxyribosylase: Trans-N-, purifica- 
tion, properties, Roush and Betz, 
261 


Desulfurase: Cystine, activity, mouse 
tumors, Stekol, Weiss, and An- 
derson, 936 

Deuteriolactate: pi-2-, glycogen, deu- 
terium location, substrate oxida- 
tion, reductive biosyntheses, Hober- 
man, 1045 

Deuterium: Condensing enzyme, acety] 
coenzyme A, Marcus and Vennes- 
land, 727 

Location, glycogen from pL-2-deu- 
teriolactate; substrate oxidation, 
reductive biosyntheses, Hoberman, 

1045 
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Diaminopimelic acid: Enzymatic syn- 
thesis, Gilvarg, 1501 
Diethanolamine: Incorporation in vivo, 
liver lipides, Artom, Lofland, and 
Oates, 833 
Digitonin: Phosphorylating subfrag- 
ments, preparation, rat liver mito- 
chondria, Devlin and Lehninger, 
1586 
Dihydrofolic acid: Enzymatic reduc- 
tion, Osborn and Huennekens, 
969 
Dihydroorotic dehydrogenase: Purifi- 
cation, properties, Friedmann and 
Vennesland, 1398 
Dihydroxyfumarate: See oxaloglycolate 
Dihydrouracil: Hydrase, purification, 
properties; pyrimidines, reductive 
degradation, Campbell, 1236 
Diiodotyrosine: Deiodination, cell-free 
systems, Stanbury and Morris, 
106 
Diisopropylphosphoryl: Binding, amino 
acid sequence, diisopropylphos- 
phoryl-trypsin, Dizon, Kauffman, 


and Neurath, 1373 
Diisopropylphosphoryl-trypsin: Amino 
acid sequence, diisopropy!phos- 


phoryl binding, Dizon, Kauffman, 
and Neurath, 1373 
Diketosuccinate: Nonenzymatic decar- 
boxylation, and oxaloglycolate (di- 
hydroxyfumarate), Chow and Ven- 


nesland, 997 
Dimethylcholesterols: 4,4-, isomeric, 
synthesis, lanosterol metabolite, 
identification, Gautschi and Bloch, 
1343 

Dimethyl phenylmyristic acid: 3,3-, 


metabolism, Goodman and Stein- 
berg, 1066 
Dinitrophenol: 2,4-, mode of action, 
uncoupling oxidative phosphoryla- 
tion, Drysdale and Cohn, 1574 
Diphosphoglycerate: 2,3-, enzymatic 
synthesis, isolation, Grisolia and 
Joyce, 18 
Diphosphopyridine: Reduced, nucleo- 
tide oxidase system, lipide com- 
ponents, and succinate, Joel, Kar- 
novsky, Ball, and Cooper, 1565 
Disulfide: Bonds, cleavage, trypsino- 
gen, a-chymotrypsinogen, Pechére, 

Dizon, Maybury, and Neurath, 
1364 


E 


Electron transport: Enzymes, studies; 
purification, cytochrome 556, pig 
liver, Raw, Molinari, do Amaral, 
and Mahler, 225 
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Electron transport—continued: 
Enzymes, studies; reduced diphos- 
phopyridine nucleotide, cytochrome 
specific, isolation, properties, pig 
liver, Mahler, Raw, Molinari, and 
do Amaral, 230 
Inhibition, Escherichia coli; aureomy- 
cin, enzymatic basis of resistance, 


Saz and Martinez, 1020 
Internal, iron; xanthine oxidase, 
Fridovich and Handler, 1581 
Lipides; cytochrome c, reductase 


lipide cofactor, purification, identi- 
fication, Donaldson, Nason, Leh- 
man, and Nickon, 566 
—; tocopherol, cofactor, mammalian 
cytochrome c reductase, Donald- 
son, Nason, and Garrett, 572 
Embryo: Avian, enzymes, citric acid 
cycle, Mahler, Wittenberger, and 
Brand, 770 
Enol borate-tautomerase: Method, aro- 
matic amino acid transamination, 
assay, keto acid oxidase, Lin, Pitt, 
Civen, and Knox, 668 
Enzyme(s): Activity, cell cultures, 
mammalian, Lieberman and Ove, 
634 
Citric acid cycle, avian embryo, 
Mahler, Wittenberger, and Brand, 
770 
Cleavage, canavanine, homoserine, 
hydroxyguanidine, Kalyankar, Mi- 
yoshi, and Snell, 1175 
—, deoxyguanosine triphosphate, de- 
oxyguanosine and __ tripolyphos- 
phate, Kornberg, Lehman, Bess- 
man, Simms, and Kornberg, 159 
Conversion, 5-dehydroshikemic acid, 
protocatechuic acid, Gross, 1146 
Degradation of urocanic acid, Revel 
and Magasanik, 930 
Estrogen-sensitive, human placenta, 
identity, Villee and Hagerman, 42 
Malic, pigeon liver, purification, 
properties, Rutter and Lardy, 
374 
Mevalonie kinase, purification and 
properties, T'chen, 1100 
Phosphorylation, deoxycytidylic acid, 
Maley and Ochoa, 1538 
Purification and properties, ribitol 
dehydrogenase, Fromm, 1049 
Rat tissues, thymidine incorporation, 
deoxyribonucleic acid, Bollum and 
Potter, 478 
Reactions, sulfate, sulfite, selenate, 
and molybdate, Wilson and Ban- 


durski, 975 
Reduction, dihydrofolic acid, Osborn 
and Huennekens, 969 


Subject Index 


Enzyme(s)—continued: 

Stable substrate complexes: fatty 
acyl derivatives, dehydrogenation 
mechanism, coenzyme A, Steyn- 
Parvé and Beinert, 843 

Sulfhydryl groups; u-glutamic acid 
dehydrogenase, Hellerman, Schel- 
lenberg, and Reiss, 1468 

Synthesis, 5-aminolevulinie acid, Ki- 
kuchi, Kumar, Talmage, and She- 
min, 1214 

—, diaminopimelic acid, Gilvarg, 

1501 

—, inositol phosphotide, Agranoff, 
Bradley, and Brady, 1077 

—, sphingomyelin, Sribney and Ken- 
nedy, 1315 

—, sphingosine; mechanism, Brady, 
Formica, and Koval, 1072 

System, estrogen-sensitive, placental 
homogenates, structural specificity, 
Hollander, Nolan, and Hollander, 

580 

—, soluble and mitochondrial, prop- 
erties; monoiodotyrosine, synthesis, 
Serif and Kirkwood, 109 

Tyrosine-activating, hog pancreas, 
purification and properties, Schweet 
and Allen, 1104 

Epinephrine: O-methylation, enzymatic, 
and other catechols, Axelrod and 


Tomchick, 702 
Epiphyseal plate: Long bone, chemical 
composition; content of amino 
acids, Castellani and Castellani- 
Bisi, 920 
Escherichia coli: Deoxyribose, biosyn- 
thesis, Bernstein and Sweet, 1194 


Electron transport inhibition; aureo- 
mycin, enzymatic basis of resist- 
ance, Saz and Martinez, 1020 

Isoleucine, valine, metabolism; aceto- 
lactate formation, Umbarger and 
Brown, 1156 

Metabolism, isoleucine, valine; iso- 
leucine biosynthesis, negative feed- 
back mechanism, Umbarger and 
Brown, 415 

Strain B, normal, T2r-infected cells, 
acid-soluble fraction, analysis, 
O’ Donnell, Mackal, and Evans, 

1523 

Substrate and partial purification; 
deoxyribonucleic acid, enzymatic 
synthesis, Lehman,  Bessman, 
Simms, and Kornberg, 163 

Ester: Ethyl, benzoyl-t-arginine, hy- 
drolysis, kinetics, papain action, 
Smith and Parker, 1387 

Estradiol: Analysis, methods, and es- 
trone, estriol, human urine ex- 


1615 


tracts, Gallagher, Kraychy, Fish- 
man, Brown, and Marrian, 1093 
Estradiol-178: Biosynthesis in vitro, 
follicle-stimulating hormone, effect, 
from acetate-1-C", testosterone-4- 
C™, Hollander and Hollander, 
1097 
Estradiol-17-dehydrogenase: Human 
placental; concentration, charac- 
terization, assay, Langer and Engel, 
583 
Estriol: Analysis, methods, and es- 
trone, estradiol, human urine ex- 
tracts, Gallagher, Kraychy, Fish- 
man, Brown, and Marrian, 1093 
Estrogen: Enzyme, human placenta, 
identity, Villee and Hagerman, 
42 
Estrone: Analysis, methods, and estra- 
diol, estriol, human urine extracts, 
Gallagher, Kraychy, Fishman, 
Brown, and Marrian, 1093 
Ethanolamine: Deoxycytidine diphos- 
phate, and deoxycytidine choline, 


Novikoff hepatoma; phosphorus 
compounds, animal tissues, Schnei- 
der and Rotherham, 948 


Quantitative estimation, and serine, 
phospholipides, Dittmer, Feminella, 
and Hanahan, 862 

Ethionine: Inhibition, sex difference, 
hepatic protein synthesis, Farber 
and Corban, 625 

Methionine ratio, diet, glucose-6- 
phosphatase adaptation; metabolic 
adaptations, higher animals, Freed- 
land and Harper, 1041 


F 


Fat(s): Absorption and cholesterol, and 
serum lipoproteins, lymph com- 
position and concentration, Hill- 
yard, Chaikoff, Entenman, and 
and Reinhardt, 838 

—, chyluria; cholesterol, Blomstrand 
and Ahrens, 327 
—, —, palmitic and oleic acids, 
Blomstrand and Ahrens, 321 
Animal, vegetable, fatty acid dis- 
tribution, glycerides, Mattson and 
Lutton, 868 
Dietary, influence, hepatic lipogene- 
sis, regulation, Hill, Linazasoro, 
Chevallier, and Chaikoff, 305 

Fatty acid(s): Distribution, glycerides, 
animal, vegetable fats, Mattson and 
Litton, S68 

Nonoxidizable analogue,  3,3-di- 
methyl phenylmyristic acid, me- 
tabolism, Goodman and Steinberg, 

1066 
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Fibrinolysin: See Plasmin 
Fluorescence: Spectra, polarization, 
glyceraldehyde-3-phosphate, lactic 


dehydrogenase, coenzyme com- 
plexes, Velick, 1455 
Fluoride: Bone salt, solubility, Kut- 
nerian and Kuyper, 760 


Fluorometry: Determination, thymine, 
deoxyribonucleic acid, derivatives, 
Roberts and Friedkin, 483 

Measurement, deoxyribonucleic acid, 
animal tissues, central nervous sys- 
tem, Kissane and Robins, 184 

Folic acid: Conversion to citrovorum 
factor, studies in vivo, Doctor, 

982 
Deficiency, formic acid, formimino- 
glutamic acid, urinary secretion, 


Rabinowitz and Tabor, 252 
Dihydro-, enzymatic reduction, Os- 
born and Huennekens, 969 


Formate: Sodium, -C"™, metabolism; vita- 
min E, deficiency, monkey, Din- 
ning and Day, 240 

Formic acid: Urinary excretion, folic 
acid deficiency, and formimino- 
glutamic acid, Rabinowitz and 
Tabor, _ 252 

Formiminoglutamic acid: Excretion, 
dietary methionine, by rat, Silver- 
man and Pitney, 1179 

Urinary secretion, folic acid defi- 
ciency, and formic acid, Rabinowitz 
and Tabor, 252 

Fructose-6-phosphate: Phosphorolytic 
cleavage, by fructose-6-phosphate 
phosphoketolase, Acetobacter xyli- 
num, Schramm, Klybas, and Racker, 

1283 

Fumarase: Electrophoresis, titration, 
Shavit, Wolfe, and Alberty, 1382 

Fumarate: Enzymatic amination, hy- 
dration, mechanism, Englard, 

1003 


G 


Galactolipides: Galactose incorporation, 
Burton, Sodd, and Brady, 1053 
Galactose: Incorporation, galactolip- 
ides, Burton, Sodd, and Brady, 
1053 
Gaucher’s disease: Cerebroside, rein- 
vestigation, Rosenberg and Chargaff, 
1323 
Globin: Glycine incorporation, rabbit 
bone marrow in vitro, heme bio- 
synthesis, Morell, Savoie, and 
London, 923 
Globulin: Abnormal human serum; 
physical constants, amino end 
groups, Putnam, 1448 





Subject Index 


Glucagon: Material in blood, man and 
dog, Makman, Makman, and 
Sutherland, 894 

Glucan: 8-1 ,3-linked, synthesis, Phase- 
olus aureus seedlings, Feingold, Neu- 
feld, and Hassid, 783 

Glucosamine: Carbohydrate metabo- 
lism, rat liver, and N-acetylglucos- 
amine, Spiro, 546 

Glucose: Acetobacter suboxydans, and 
gluconate dissimilation, Kitos, 
Wang, Mohler, King, and Cheldelin, 

1295 
Carbon labeled, metabolism, rabbit 
lens, study, Kinoshita and Wachtl, 
5 
Catabolism, fetal, adult, heart, Jolley, 
Cheldelin, and Newburgh, 1289 
Effect, and nucleosides, purine syn- 
thesis, Ehrlich ascites tumor cells 
in vitro, Harrington, 1190 
Metabolism, insulin, effects, and 
pyruvate, acetate; rat adipose tis- 
sue, in vitro, studies, Winegrad and 
Renold, 267 
Specifically labeled, metabolism, in- 
sulin, effects; rat adipose tissue, 
in vitro, studies, Winegrad and 
Renold, 273 
Uptake, and insulin degradation, 
muscle, protein added in vitro, ef- 
fect, Narahara and Williams, 
1034 
Utilization, kidney tissue, 6-deoxy-6- 
fluoroglucose, Serif and Wick, 559 

Glucose-6-phosphatase: Adaptation, 
ethionine: methionine ratio, diet; 
metabolic adaptations, higher ani- 
mals, Freedland and Harper, 1041 

Glucose-6-phosphate: Dietary factors, 
response; metabolic adaptations, 
higher animals, Freedland and 
Harper, 1 

Glucosidase: 6-, inducible, yeast, puri- 
fication and properties, Duerksen 
and Halvorson, 1113 

Glucosuria: Naringin, phloridzin, and 
metabolism, studies, Booth, Jones, 
and DeEds, 280 

Glutamate: Precursor for pyrrolidine 
ring, nicotine, Lamberts and Byer- 
rum, 939 

Glutamic acid: L-, dehydrogenase: en- 
zyme sulfhydryl groups, /eller- 
man, Schellenberg, and Reiss, 1468 

Glutaminase: Phosphate-activated, kid- 
neys, preparation and properties, 
Sayre and Roberts, 1128 

Glutamyl: p- and L-, polypeptides, iso- 
lation, culture filtrates, Bacillus 
subtilis, Thorne and Leonard, 1109 


Vol. 233 


Glutathione: Catalytic oxidation, and 
other sulfhydryl compounds, sele- 
nite, T'sen and Tappel, 1230 

Erythrocyte, vitamin E deficiency, 
effect, and tissue, Ryerson, McMil- 
lan, and Mortensen, 1172 

Reduced, determination, spectropho- 
tometric method, Avi-Dor and Lip- 
kin, 69 

Glyceraldehyde: -3-phosphate, coen- 
zyme complexes, fluorescence spec- 
tra, polarization, and lactic dehy- 


drogenase, Velick, 1455 
Glycerate-2, 3-diphosphate: Studies, 
Joyce and Grisolia, 350 


Glyceride: Animal, vegetable fats, fatty 
acid distribution, Mattson and Lut- 
ton, 868 

Glycerol: Indicator, triose phosphate 
isomerase reaction, pentose cycle, 
C™ in and lactose, serine; lactose 
synthesis,’ Wood, Gillespie, Joffe, 
Hansen, and Hardenbrook, 1271 

Spontaneous activation of human 
plasminogen in, Alkjaersig, Fletcher, 
and Sherry, 81 

Glycerol-1,3-C": Unilateral injection, 
pudic artery, milk constituents; lac- 
tose synthesis, Wood, Joffe, Gilles- 
pie, Hansen, and Hardenbrook, 

1264 

Glycerophosphate: a-, oxidase, flight 
muscle mitochondria, Estabrook 
and Sacktor, 1014 

Glycine: Incorporation into globin, 
rabbit bone marrow in vitro, heme 
biosynthesis, Morell, Savoie, and 
London, 923 

Glycine-2-C™: Incorporation, total pro- 
teins, nucleic acids, lymphocytes in 
vitro, steroids, metabolic inhibitors, 
effects, Blecher and White, 1161 

Glycogen: Binding, phosphorylase, 
Madsen and Cori, 1251 

pL-2-deuteriolactate, deuterium _lo- 
cation, substrate oxidation, re- 
ductive biosyntheses, Hoberman, 

1045 

Glycolic acid: Oxidase, role, respiration, 
leaves, Zelitch, 1299 

Glycolysis: Yeast, biotin in, Strauss and 
Moat, 765 

Guanosine 5’-phosphate: Biosynthesis; 
xanthosine 5’-phosphate, amina- 
tion, purified pigeon liver enzyme, 


Lagerquist, 143 
—; —, —, intermediate, Lagerqvist, 
138 
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H 


Heart: Fetal, adult, glucose metabolism, 
Jolley, Cheldelin, and Newburgh, 


1289 
Sarcosomes, pyruvate metabolism, 
a-(+)-lipoic acid, Reiss, 789 


Hemagglutinin: Soybean, composition, 
end groups, Wada, Pallansch, and 
Liener, 395 

—, inactivation studies, Liener, 401 

Heme: Biosynthesis, glycine into glo- 
bin incorporation, rabbit bone mar- 
row in vitro, Morell, Savoie, and 


London, 923 
Hemin: Muscle, beef heart, Connelly, 
743 


Hemoglobin(s): Horse, sheep, dog, cow, 
titratable sulfhydryl groups, Mura- 
yama, 594 

Human, cysteine content, Cole, Stein, 
and Moore, 1359 

Heparin: 8-, (chondroitinsulfuric acid- 
B), chemistry, Cifonelli, Ludowieg, 
and Dorfman, 541 

Hepatoma: Novikoff, deoxycytidine 
diphosphate choline, deoxycytidine 
diphosphate ethanolamine; phos- 
phorus compounds, animal tissues, 
Schneider and Rotherham, 948 

Hexose: Phosphates, recycling, pentose 
cycle, effect, C' distribution, Wood 
and Katz, 1279 

Ribose biosynthesis, C-6 oxidation 
pathway; metabolism, Hiatt and 
Lareau, 1023 

Histidine: Imidazole carbon 2, utiliza- 
tion, purines, bacteria, biosynthe- 
sis, Revel and Magasanik, 439 

Metabolism; urinary metabolites, 
Baldridge and Tourtellotte, 125 

Histochemistry: Hyaluronidase, micro- 
determination, inhibition, fractions, 
isolated mast cells, Glick, Ottoson, 
and Edmondson, 1241 

Histone: Calf thymus, fractionation, 
Luck, Rasmussen, Satake, and 
T svetikov, 1407 

Homogenate: Placental, estrogen-sensi- 
tive enzyme system, structural 
specificity, Hollander, Nolan, and 
Hollander, 580 

Homoserine: Canavanine, enzymatic 
cleavage, and hydroxyguanidine, 
Kalyankar, Miyoshi, and Snell, 

1175 

Hormone(s): Adrenocorticotropic, ac- 
tivation, adrenal phosphorylase, 
Haynes, 1220 

Follicle-stimulating, effect, biosynthe- 


sis in vitro, estradiol-178, from 


Subject Index 


Hormone (s)—continued: 
acetate-1-C"“, — testosterone-4-C", 
Hollander and Hollander, 1097 
—, exogenous requirements, action 
in vitro, rat adrenal glands, Péron 
and Koritz, 256 
Growth, C-terminal amino acid, 
sequence, human, monkey, whale, 
and sheep, pituitary glands, Li, 
Parcells, and Papkoff, 1143 
—, effects, protein synthesis, and 


ribonucleoprotein particle, role, 
Balis, Samarth, Hamilton, and 
Petermann, 1152 


—, N-terminal amino acid, analysis, 
human, monkey, whale, and beef, 
pituitary glands, Parcells and Li, 

1140 

Lactogenic, pituitary, ovine, C-termi- 
nus, nature of, Liand Cummins, 73 

a- and 6-melanocyte-stimulating, hog 
posterior pituitary powder, Lee, 

917 

Ovine, pituitary lactogenic, C-termi- 

nus, nature of, Li and Cummins, 
73 

—, —, disulfide bridges, reduction, 
C-terminus nature; studies, Li and 
Cummins, 73 

Pituitary, lactogenic, studies; ovine, 
disulfide bridges, reduction, C-ter- 
minus nature, Li and Cummins, 

73 

—, protein, separation, scheme, Ellis, 

63 

Posterior pituitary, synthetic ana- 
logue, arginine-vasotocin, oxytocin 
ring, vasopressin side chain, Katso- 
yannis and du Vigneaud, 1352 

Hyaluronidase: Microdetermination, in- 
hibition, fractions, isolated mast 
cells, Glick, Ottoson, and Edmond- 
son, 1241 

Hydrase: Dihydrouracil, purification, 
properties; pyrimidines, reductive 
degradation, Campbell, 1236 

Hydrogen: Ketosteroid, sulfates, hy- 
drolysis, solvolysis, Burstein and 
Lieberman, 331 

Transfer, enzymatic; §-hydroxybu- 
tyryl dehydrogenase, catalyzed re- 
action, Marcus, Vennesland and 
Stern, 722 

Hydroxybutyryl dehydrogenase: £-, cat- 
alyzed reaction; hydrogen, enzy- 
matic transfer, Marcus, Vennes- 
land, and Stern, 722 

Hydroxyguanidine: Canavanine, enzy- 
matic cleavage, and homoserine, 
Kalyankar, Miyoshi, and Snell, 


1617 


Hydroxyisovaleryl: §-, coenzyme A, 
biotin, carboxylation; carbon di- 
oxide, enzymatic activation, Woess- 
ner, Bachhawat, and Coon, 520 

Hydroxy-8-methylglutaryl: 8-, coen- 
zyme A deacylase, Dekker, Schles- 
inger, and Coon, 434 

Hydroxyprogesterone: |7a-, and A‘- 
androstenedione, biosynthesis, pro- 
gesterone, human fetal adrenals, 
Solomon, Lenman, Lind, and Lieb- 
erman, 1084 

Hydroxyquinaldic acid: 8-, xanthurenic 
acid, dehydroxylation, Takahashi 
and Price, 150 

Hydroxysteroid(s): 3a-, coenzymes, hy- 
drogen transfer, di- and triphos- 
phopyridine nucleotides, Hurlock 
and Talalay, 886 

Hypertension: Experimenta!, renal ex- 
tracts, Hamilton and Grollman, 

528 


I 


Iduronic acid: L-, origin; metabolism, 
mucopolysaccharides, mammalian 
tissues, Rodén and Dorfman, 

1030 

Imidazole: Carbon 2, utilization, histi- 
dine, purines, bacteria, biosynthe- 
sis, Revel and Magasanik, 439 

Derivatives, relation to histidine 
metabolism, Baldridge and Touriel- 
lotte, 125 

Quaternary pyridine derivatives, re- 
action, van Eys, 1203 

Indoleacetic acid: Oxidase, pineapple, 
coenzyme requirement, enzyme in- 
hibitors, Gortner and Kent, 731 

Inositol: Phosphate exchange, acety]- 
choline, in brain phosphoinositide, 
Hokin and Hokin, 818 

Inositol phosphatide: Synthesis, enzy- 
matic, Agranoff, Bradley, and 
Brady, 1077 

Insulin: Degradation, and glucose up- 
take, muscle, protein added in 
vitro, effect, Narahara and Williams, 

1034 

Effects, metabolism, glucose, pyru- 
vate, acetate; rat adipose tissue, 
studies in vitro, Winegrad and 
Renold, 267 

—, —, specifically labeled glucose; 
rat adipose tissue, in vitro, studies, 
Winegrad and Renold, 273 

Tryptophan peroxidase, induction, 
and alloxan, Schor and Frieden, 

612 
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Intestine: Digestion, absorption, studies 
in vitro, pyrimidine nucleotides, 
Wilson and Wilson, 1544 

Ion: Exchange agents, cellulose, chro- 
matography; mammalian tyrosin- 
ase, studies, Brown and Ward, 

77 

Iron: Content, tobacco mosaic virus, 
and infectious nucleic acid, proper- 
ties, Loring, Al-Rawi, and Fuji- 
moto, 1415 

Internal electron transport; xanthine 
oxidase, Fridovich and Handler, 
1581 

Isocitrate: Ls(+)-, potassium dihydro- 
gen, Bryophyllum calycinum leaves, 
preparation, Vickery and Wilson, 

14 

Isoleucine: Metabolism, and_ valine, 
Escherichia coli; acetolactate for- 
mation, Umbarger and Brown, 

1156 

—, Escherichia coli, and valine; iso- 
leucine biosynthesis, negative feed- 
back mechanism, Umbarger and 
Brown, 415 

Isomerase: Triose phosphate reaction, 
and pentose cycle, C™, lactose, 
glycerol, serine, indicators; lactose 


synthesis, Wood, Gillespie, Joffe, 


Hansen, and Hardenbrook, 1271 
Isopyridoxal acid: Vitamin Bg, bacterial 
oxidation, and 5-pyridoxic acid, 
Rodwell, Volcani, Ikawa, and Snell, 
1548 


K 


Keto acid(s): Oxidase, enol borate- 
tautomerase method, and aro- 
matic amino acid transamination, 
Lin, Pitt, Civen, and Knorz, 668 

Ketocholesterol-23-C": 22-, synthesis, 
metabolism, Kautsky, Bouboulis, 
Becker, and King, 1340 

Ketoglutaric acid: a-, y-aminobutyric 
acid, transaminase, beef brain, 
Baxter and Roberts, 1135 

Ketosteroid(s): Hydrogen sulfates, hy- 
drolysis, solvolysis, Burstein and 
Lieberman, 331 

6'-3-, interaction, serum albumin, 
4-lactoglobulin, functional groups; 
steroid-protein, interaction, West- 
phal and Ashley, 57 

Kidney: Acylase 1; dialkylfluorophos- 
phatase, comparison, Bell and 


Mounter, 900 
—; substrate specificity, Mounter, 
Dien, and Bell, 903 


Extracts, blood pressure, experi- 


Subject Index 


Kidney—continued: 
mental hypertension, Hamilton and 


Grollman, 528 
Kinase: Mevalonic, purification and 
properties, Tchen, 1100 


Kinosynthase: 2-Amino-N-ribosylacet- 
amide-5’-phosphate; purine _bio- 
synthesis, Hartman and Buchanan, 

456 


L 


Lactobacillus arabinosus: Permeability, 
biotin, Lichstein and Ferguson, 
243 
Lactobacillus leichmannii: Vitamin By, 
thymine biosynthesis, Dinning, 
Allen, Young, and Day, 674 
Lactobacillus plantarum: Pentose fer- 
mentation; 2-deoxy-p-ribose, Do- 
magk and Horecker, 283 
Lactoglobulin: §-, interaction, 6'-3- 
ketosteroids, serum albumin, func- 
tional groups; steroid-protein, in- 
teraction, Westphal and Ashley, 57 
Lactose: Indicator, triose phosphate 
isomerase reaction, pentose cycle, 
labeled carbon in, and glycerol, 
serine; lactose synthesis, Wood, Gil- 
lespie, Joffe, Hansen, and Harden- 
brook, 1271 
Synthesis; labeled carbon, lactose, 
glycerol, serine, indicators, triose 
phosphate isomerase reaction, pen- 
tose cycle, Wood, Gillespie, Joffe, 
Hansen, and Hardenbrook, 1271 
—, milk constituents, unilateral in- 
jection, glycerol-1 ,3-C", pudic ar- 
tery, Wood, Joffe, Gillespie, Han- 


sen, and Hardenbrook, 1264 
Leaves: Respiration, glycolic acid oxi- 
dase, role, Zelitch, 1299 


Levulinic acid: 6-Amino-, enzymatic 
synthesis, Kikuchi, Kumar, Tal- 
mage, and Shemin, 1214 

Lipide(s): Complex mixtures, separa- 
tion, silicic acid chromatography, 
Hirsch and Ahrens, 311 

Components, succinate, and reduced 
diphosphopyridine nucleotide oxi- 
dase system, Joel, Karnovsky, Ball, 
and Cooper, 1565 

Electron transport; cytochrome cc, 
reductase lipide cofactor, purifica- 
tion, identification, Donaldson, Na- 
son, Lehman, and Nickon, 566 

—; tocopherol, cofactor, mammalian 
cytochrome c reductase, Donaldson, 
Nason, and Garrett, 572 

Galacto-, galactose incorporation, 
Burton, Sodd, and Brady, 1053 

Liver, diethanolamine, incorpora- 
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Lipide(s)—continued: 
tion in vivo, Artom, Lofland, and 
Oates, 833 
Phospho-, purification, identification, 
thromboplastic activity, Therriault, 
Nichols, and Jensen, 1061 
Lipogenesis: Hepatic, regulation, die- 
tary fats, influence, Hill, Linaza- 
soro, Chevallier, and Chaikoff, 305 
Lipoic acid: a-(+)-, pyruvate metabo- 
lism, heart sarcosomes, Reiss, 
789 
Lipoprotein(s): Lymph and _ serum, 
composition, concentration, fat and 
cholesterol absorption, Hillyard, 
Chaikoff, Entenman, and Rein- 
hardt, 838 
Uptake, ascites tumor cells; fatty 
acid-albumin complex, Fillerup, 
Migliore, and Mead, 98 
Liver: Beef, glutamic dehydrogenase, 
zinc, Adelstein and Vallee, 589 
Bovine, aldolase; crystalline enzyme, 
measurements, physical, chemical, 
Peanasky and Lardy, 371 
—; isolation, crystallization, general 
properties, Peanasky and Lardy, 
365 
Extracts, animals deprived of to- 
copherol, ascorbic acid synthesis, 
Mn*+ and Cot* requirements, 
Caputto, McCay, and Carpenter, 
1025 
Mitochondria, and muscle, protein, 
labeled amino acids, incorporation, 
McLean, Cohn, Brandt, and Simp- 
son, 657 
Normal, malignant hepatoma, de- 
oxyribose-5-phosphate, — metabo- 
lism, Boxer and Shonk, 535 
Phosphorylase, organic phosphate 
moiety, studies, Wosilait, 597 
Protein, synthesis, ethionine inhibi- 
tion, sex difference, Farber and 
Corban, 625 
Rat, carbohydrate metabolism, N- 
acetylglucosamine, glucosamine, 
Spiro, 546 
Luciferyl-adenylate: Synthesis, func- 
tion, and oxyluciferyl-adenylate, 
Rhodes and McElroy, 1528 
Lymph: Lipoproteins, and serum, com- 
position and concentration, fat and 
cholesterol absorption, Hillyard, 
Chaikoff, Entenman, and Reinhardt, 
838 


M 


Medulla: Adrenal, phospholipides and 
adrenaline secretion in, Hokin, 
Benfey, and Hokin, 814 
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Melanocyte: a- and §-, stimulation, 


hormone, hog posterior pituitary 
powder, Lee, 917 
Metabolic inhibitors: Effects, and ster- 
oids, glycine-2-C“ incorporation, 
total proteins, nucleic acids, lym- 
phocytes in vitro, Blecher and White, 
1161 
Metabolism: Acetate, insulin, effects; 
rat adipose tissue, in vitro, studies, 
Winegrad and Renold, 267 
Adaptation, higher animals; dietary 
factors, response, liver glucose-6- 
phosphatase, Freedland and Har- 
per, 1 
—, —; ethionine: methionine ratio, 
diet, glucose-6-phosphatase adap- 
tation, Freedland and Harper, 
1041 
C™-glucose, rabbit lens, study, Kino- 
shita and Wachtl, 5 
Carbohydrate, N-acetylglucosamine, 
glucosamine, rat liver, Spiro, 
546 
—, rat liver; alterations, dietary 
variation, Landau, Hastings, and 
Zottu, 1257 
Cholesterol, scorbutic guinea pigs, 
Banerjee and Singh, 336 
Deoxyribose - 5- phosphate, normal 
liver, malignant hepatoma, Borer 


and Shonk, 535 
3,3-Dimethyl phenylmyristic acid, 
Goodman and Steinberg, 1066 


Glucose, insulin, effects; rat adipose 
tissue, in vitro, studies, Winegrad 
and Renold, 267 

—, specifically labeled, insulin, ef- 
fects; rat adipose tissue, in vitro, 
studies, Winegrad and Renold, 

273 

Isoleucine, Escherichia coli, and 
valine; isoleucine biosynthesis, neg- 
ative feedback mechanism, lUm- 
barger and Brown, 415 

—, valine, Escherichia coli: aceto- 
lactate formation, Umbarger and 
Brown, 1156 

22-Ketocholesterol-23-C", and = syn- 
thesis, Kautsky, Bouboulis, Becker, 
and King, 1340 

Methionine, pectin esterification, 
plant tissue, Sato, Byerrum, Al- 
bersheim, and Bonner, 128 


Mucopolysaccharides, mammalian 
tissues; L-iduronic acid origin, 
Rodén and Dorfman, 1030 


Naringin, phloridzin, and glucosuria, 
studies, Booth, Jones, and DeEds, 
280 

acid, rat 


Nucleotide; ribonucleic 


Subject Index 


Metabolism—continued: 


liver, heterogenous labeling, Schnet- 
der and Potter, 154 
Organic acids, tobacco; excised leaves, 
culture, potassium phosphate solu- 
tions, Vickery and Levy, 1304 
Prednisolone, rat liver homogenates, 
Vermeulen and Caspi, 54 
Pyridine nucleotide; mechanism of 
action, niacin antagonist, 6-amino- 
nicotinamide, Dietrich, Friedland, 
and Kaplan, 964 
Pyruvate, heart sarcosomes, a-(+)- 


lipoic acid, Reiss, 789 
—, insulin, effects; rat adipose tissue, 
in vitro, studies, Winegrad and 
Renold, 267 
—, tricarboxylic acid cycle, Freed- 
man and Graff, 292 
Ribose; biosynthesis from hexose, 


C-6 oxidation pathway, Hiatt and 
Lareau, 1023 
Sodium formate-C"; vitamin E, de- 
ficiency, monkey, Dinning and Day, 
240 
Valine, Escherichia coli, and isoleu- 
cine; isoleucine biosynthesis, nega- 
tive feedback mechanism, U mbarger 
and Brown, 415 
Metabolite(s): Lanosterol, identifica- 
tion, isomeric 4,4-dimethylcholes- 
terols, synthesis, Gautschi and 
Bloch, 1343 
Urinary; histidine, metabolism, Bald- 
ridge and Tourtellotte, 125 
Methionine: Dietary, formiminoglu- 
tamic acid excretion, by rat, Silver- 
man and Pitney, 1179 
Methionine: Ethionine ratio, diet, glu- 
cose -6- phosphatase adaptation; 
metabolic adaptations, higher ani- 
mals, Freedland and Harper, 
1041 
Metabolism, plant tissue, and pectin 
esterification, Sato, Byerrum, Alber- 
sheim, and Bonner, 128 
Spermidine and spermine biosynthe- 
sis, and putrescine, Tabor, Rosen- 
thal, and Tabor, 907 
Methylation: O-, catechol amines, in 
vivo, Axelrod, Senoh, and Witkop, 
697 
—, enzymatic, epinephrine, other 
catechols, Azelrod and Tomchick, 
702 
Mevalonic acid: Enzymatic synthesis, 
rubber, Park and Bonner, 340 
Mevalonic kinase: Purification and 
properties, T’chen, 1100 
Micrococcus lysodeikticus: Nonpyri- 
dine nucleotide malic dehydro- 
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Micrococcus lysodeikticus—continued: 
genase, oxalacetic acid, enzymatic 
formation, Cohn, 299 

Microsome(s): Brain, acetylcholine, 
phosphate exchange, phosphatidic 
acid, Hokin and Hokin, 822 

Liver, amino acid incorporating sys- 
tem, Sachs, 643 
—,—, pyrophosphate, Sachs, 650 
liver, rat, tetralin-p-quinol, protein- 
bound derivative, formation, tetra- 
hydro-2-naphthol-8-C™, Hecker and 
Mueller, 991 

Milk: Constituents, synthesis, unilateral 
injection, glycerol-1,3-C", pudic 
artery; lactose synthesis, Wood, 
Joffe, Gillespie, Hansen, and Har- 
denbrook, 1264 

Mitochondria: Flight muscle, a-glycero- 
phosphate oxidase, Estabrook and 
Sacktor, 1014 

—, serum albumin requirement, oxi- 


dative phosphorylation, Sacktor, 
O'Neill, and Cochran, 1233 


Liver, rat phosphorylating subfrag- 
ments, preparation, digitonin, Dev- 
lin and Lehninger, 1586 
Muscle and liver, protein, labeled 
amino acids, incorporation, Me- 
Lean, Cohn, Brandt, and Simpson, 
657 
Phosphorylation, oxidative, freezing, 
storage, low temperatures, Privi- 
tera, Greiff, Strength, Anglin, and 
Pinkerton, 524 
Molybdate: Enzymatic reactions, and 
sulfate, sulfite, and selenate, Wilson 
and Bandurski, 975 
Monoiodotyrosine: Synthesis, enzyme 
systems; soluble and mitochondrial 
systems, properties, Serif and Kirk- 
wood, 109 
Mn**: Requirements, and Co**, ascor- 
bic acid synthesis, liver extracts, an- 
imals deprived of tocopherol, Ca- 
putto, McCay, and Carpenter, 1025 
Mucopolysaccharide(s): Mammalian 
tissues, metabolism; L-iduronic acid 
origin, Rodén and Dorfman, 


1030 

Muscle: Flight, mitochondria, serum 
albumin requirement, oxidative 
phosphorylation, Sacktor, O'Neill, 
and Cochran, 1233 
Heart, beef, hemins, Connelly, 743 
Mitochondria, and liver, protein, 


labeled amino acids, incorporation, 
McLean, Cohn, Brandt, and Simp- 
son, 657 
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N 


Naphthylalanine: B-1-, inhibition 
studies, and §-2-thienylalanine, p- 
tolylalanine, peptides, Dunn, 


411 

Naringin: Metabolism, glucosuria, 
studies, and phloridzin, Booth, 
Jones, and DeEds, 280 


Niacin: Antagonist, 6-aminonicotinam- 
ide, mechanism of action; pyridine 
nucleotide metabolism, Dietrich, 
Friedland, and Kaplan, 964 

Nicotine: Pyrrolidine ring, glutamate, 
precursor, Lamberts and Byerrum, 

939 

Nitrogen: Retention, amino acid im- 
balance, adult rats, Kumta, Har- 
per, and Elvehjem, 1505 

Nucleic acid(s): Glycine-2-C™ incor- 
poration, and total proteins, lym- 
phocytes in vitro, steroids, meta- 
bolic inhibitors, effects, Blecher and 
White, 1161 

Infectious, properties, and tobacco 
mosaic virus, iron content, Loring, 
Al-Rawi, and Fujimoto, 1415 

Nucleoside(s): Effect, and glucose, 
purine synthesis, Ehrlich ascites 
tumor cells in vitro, Harrington, 

1190 

Purine, carbon skeleton adenosine, 
ribonucleic acid, deoxyribonucleic 
acid, Neurospora, McNutt, 193 
Pyrimidine, carbon skeleton incor- 
poration, cytidine, ribonucleic acid, 
deoxyribonucleic acid, Neurospora, 
McNutt, 189 

Nucleotide(s): Cytochrome reductase, 
microsomal, interaction, Strittmat- 
ter, 748 

Di- and triphosphopyridine, 3a-hy- 
droxy-steroids, coenzymes, hydro- 
gen transfer, Hurlock and Talalay, 


886 

Diphosphopyridine, biosynthesis; en- 
zymatic aspects, Preiss and 
Handler, 493 
—, —; identification, intermediates, 
Preiss and Handler, 488 
Enzymatic conjugation, phenols, sul- 
fate, Brunngraber, 472 


Metabolism; ribonucleic acid, rat 
liver, heterogeneous labeling, 
Schneider and Potter, 154 

Nonpyridine, malic dehydrogenase, 
Micrococcus lysodeikticus, oxal- 
acetic acid, enzymatic formation, 
Cohn, 299 


Subject Index 


Nucleotide (s)—continued: 

Oxidase system, reduced diphos- 
phopyridine, lipide components, 
and succinate, Joel, Karnovsky, 
Ball, and Cooper, 1565 

Pyridine, metabolism; mechanism of 
action, niacin antagonist, 6-amino- 
nicotinamide, Dietrich, Friedland, 
Kaplan, 964 

Pyridine, photoreduction, Rhodospi- 
rillum rubrum, cell-free extracts, 
chromatophores, Vernon, 212 

Pyrimidine, digestion, absorption, 
intestine, studies in vitro, Wilson 
and Wilson 1544 

Reduced diphosphopyridine, dehy- 
drogenase, cytochrome-specific, iso- 
lation, properties, pig liver: elec- 
tron transport enzymes, studies, 
Mahler, Raw, Molinari, and do 
Amaral, 230 

—, oxidase, azotobacter, purification, 
properties, Repaske and Josten, 

466 

—, —, inhibition, Rhodospirillum 
rubrum chromatophores, illumina- 
tion, White and Vernon, 217 

Tri-, hydrolysis; deoxyribonuclease 
specificity, Potter, Laurila, and 
Laskowski, 915 


oO 


Oleic acid: fats, absorption, chyluria, 
and palmitic acid, Blomstrand and 


Ahrens, 321 
O-phosphoserine phosphatase: Baker’s 
yeast, Schramm, , 1169 


Organic acid(s): Metabolism, tobacco; 
excised leaves, culture, potassium 
phosphate solutions, Vickery and 
Levy, 1304 

Oxalacetic acid: Enzymatic formation, 
nonpyridine nucleotide malic de- 
hydrogenase, Micrococcus lysodetk- 
ticus, Cohn, 299 

Oxaloglycolate: Nonenzymatic decar- 
boxylation, and diketosuccinate, 
Chow and Vennesland, 997 

Oxidase: Cytochrome, purified prepara- 


tion, phosphatide composition, 
Marinetti, Erbland, Kochen, and 
Stotz, 740 


—, rat tissues, and peroxidase, Neu- 
feld, Levay, Lucas, Murtin, and 
Stotz, 209 

a-Glycerophosphate, flight muscle 
mitochondria, Estabrook and Sack- 


tor, 1014 
Glycolic acid role, respiration, leaves, 
Zelitch 1299 
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Oxidase—continued: 
Reaction, amino acid synthesis, re- 
versal, Radhakrishnan and Meister, 
444 
Reduced diphosphopyridine nucleo- 
tide system, lipide components, 
and succinate, Joel, Karnovsky, 


Ball, and Cooper, 1565 
Sarcosine, cofactor requirements, Dac 
and Wriston, 222 
Succinic, system, cytochrome com- 
ponents, _ kinetics, inhibition, 
Chance, 1223 


Xanthine, action, adenine 1-N-oxide; 
purine N-oxides, Brown, Stevens, 


and Smith, 1513 
—; iron, internal electron transport, 
Fridovich and Handler, 1581 


—; sulfite oxidation, ultra sensitive 
assay, Fridovich and Handler, 
1578 
Oxidation: Bacterial, vitamin B,; “260 
compound,” structure, Jkawa, Rod- 
well, and Snell, 1555 
Catalytic, glutathione, other sulfhy- 
dryl compounds, selenite, T’sen and 


Tappel, 1230 
Glyoxylic acid, rat liver, Nakada and 
Sund, 8 


Keto acid, enol borate-tautomerase 
method, and aromatic amino acid 
transamination, assay, Lin, Pitt, 
Civen, and Knox, 668 

Sulfite, ultra sensitive assay; xanthine 
oxidase, Fridovich and Handler, 

1578 

Oxide(s): 1-N-, adenine, xanthine oxi- 
dase, action; purine N-oxides, 
Brown, Stevens, and Smith, 1513 

N-, purine; xanthine oxidase, action, 
adenine 1-N-oxide, Brown, Stevens, 
and Smith, 1513 

—,—; adenine 1-N-oxide derivatives, 
biological activities, Brown, Clarke, 
Biesele, Kaplan, and Stevens, 

1509 

Oxygen: Carboxyl, nonexchange, mam- 
malian amino acid transport, Chris- 
tensen, Parker, and Riggs, 1485 
Oxyluciferyl-adenylate: Synthesis, func- 
tion, and luciferyl-adenylate, 
Rhodes and McElroy, 1528 
Oxytocin: Purification, protein complex, 
and vasopressin, Acher, Light, and 

du Vigneaud, 116 

Ring, and vasopressin, side chain, 
posterior pituitary hormones, ar- 
ginine-vasotocin, synthetic ana- 
logue, Katsoyannis and du _ Vi- 
gneaud, 1352 
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P 


Palmitic acid: fats, absorption, chyluria, 
and oleic acid, Blomstrand and 


Ahrens, 321 
Pancreas: Juice, bovine, proteins, 
Keller, Cohen, and Neurath, 344 


Phosphoinositides, protein secretion, 
Hokin and Hokin, 805 
Papain: Active site, and covalent “high 
energy” bonds, proteins, Smith, 
1392 
Kinetics, action; benzoy]-L-arginine 
ethyl ester, hydrolysis, Smith and 
Parker, 1387 
Pectin: Esterification, metabolism, plant 
tissue, and methionine, Sato, Byer- 
rum, Albersheim, and Bonner, 


128 
Pentose: Cycle, and triose phosphate 
isomerase reaction, C™, lactose, 


glycerol, serine, indicators; lactose 
synthesis, Wood, Gillespie, Joffe, 
Hansen, and Hardenbrook, 1271 
—, recycling, effect, hexose phos- 
phates, C™ distribution, Wood and 


Katz, 1279 
Pentose fermentation: Lactobacillus 
plantarum; 2-deoxy-p-ribose, Do- 
magk and Horecker, 283 


Peptide(s): Irish moss, Chondrus cris- 
pus, and amino acids, proteins, 
Young and Smith, 406 

Peroxidase: Rat tissues, and cyto- 
chrome oxidase, Neufeld, Levay, 
Lucas, Martin, and Stotz, 209 

Tryptophan, induction, insulin, al- 


loxan, Schor and Frieden, 612 
Uterine, characterization, Martin, 
Neufeld, Lucas, and Stotz, 206 
Phaseolus aureus: Seedlings, 6-1 ,3- 


linked glucan, synthesis, Feingold, 


Neufeld, and Hassid, 783 
Phenethylbiguanide: Site of action, 
Wick, Larson, and Serif, 296 


Phenol(s): Enzymatic conjugation, nu- 
cleotides, sulfate, Brunngraber, 

472 

Phloridzin: Metabolism, glucosuria, 

studies, and naringin, Booth, Jones, 

and DeEds, 280 

Phosphatase: Alkaline, swine kidneys, 


preparation and properties, 
Mathies, 1121 
Glucose-6-, adaptation, ethionine: 


methionine ratio, diet; metabolic 
adaptations, higher animals, Freed- 


land and Harper, 1041 
O0-phosphoserine, Baker's  veast, 
Schramm, 1169 


Subject Index 


Phosphatase—continued: 
Phosphoprotein, particulate, proper- 


ties, Paigen, 388 

Prostatic acid; anionic polymers, 
Hummel, Anderson, and Patel, 

712 

Phosphate(s): Carbamyl, synthetase, 

mechanism, action, Metzenberg, 

Marshall, and Cohen, 1560 


Exchange, phosphatidic acid, brain 
microsomes, and acetylcholine, Ho- 
kin and Hokin, 822 

Glutaminase activating, kidneys, 
preparation and properties, Sayre 
and Roberts, 1128 

Glyceraldehyde-3-, coenzyme com- 
plexes, fluorescence spectra, polari- 
zation, and lactic dehydrogenase, 


Velick, 1455 
Glyceraldehyde-3-, dehydrogenase, 
hydrolytic activity, Park and 
Koshland, 986 
Hexose, recycling, pentose cycle, 


effect, C™ distribution, Wood and 
Katz, 1279 
Inositol exchange, acetylcholine, in 
brain phosphoinositide, Hokin and 
Hokin, 818 
Tri-, nucleoside, precursors, ribo- 
nucleic acid end groups, mamma- 
lian system, Hecht, Zamecnik, Steph- 
enson, and Scott, 954 
Triose isomerase reaction, and pen- 
tose cycle, C4, lactose, glycerol, 
serine, indicators; lactose synthesis, 
Wood, Gillespie, Joffe. Hansen, 
and Hardenbrook, 1271 
Phosphatide(s): Cell fractions, pig heart, 
Marinetti, Erbland, and Stotz, 562 
Composition, cytochrome oxidase, 
purified preparation, Marinetti, 
Erbland, Kochen, and Stotz, 740 
Phosphatidic acid: Acetylcholine, phos- 
phate exchange, brain microsomes, 
Hokin and Hokin, 822 
Animal tissues, Hokin and Hokin, 
800 
Phosphoinositide: Brain, inositol and 
phosphate exchange, acetylcholine 
in, Hokin and Hokin, S18 
Pancreas, and protein secretion, Ho- 


kin and Hokin, 805 
Phosphoketolase: Fructose-6-phos- 
phate, phosphorolytic cleavage by, 
fructose-6-phosphate, Acetobacter 
xrylinum, Schramm, Klybas, and 
Racker, 1283 
Phospholipide(s): Adrenocorticotropin, 


corticosteroids, secretion, Hokin, 
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Phospholipide(s)—continued: 
Hokin, Saffran, Schally, and Zim- 
merman, 811 
Brain, purification, identification, 
thromboplastic activity, Therriault, 
Nichols, and Jensen, 1061 
Ethanolamine and serine, quantita- 


tive estimation, Dittmer, Femi- 
nella, and Hanahan, 862 
Secretion, adrenal medulla, and 
adrenaline, Hokin, Benfey, and 
Hokin, 814 
Phosphopyridine(s): Di- and tri-, 3a- 
hydroxysteroids, coenzymes, hy- 
drogen transfer, Hurlock and Tala- 
lay, 886 


Phosphoribosylpyrophosphate: 5-, ami- 
dotransferase; purine biosynthesis, 
Hartman and Buchanan, 451 

Phosphorus: Compounds, animal tis- 
sues; deoxycytidine diphosphate 
choline, deoxycytidine diphosphate 
ethanolamine, Novikoff hepatoma, 


Schneider and Rotherham, 948 
Phosphorylase: Adrenal, activation, 
adrenocorticotropic hormone, 
Haynes, 1220 
Binding, glycogen, Madsen and Cori, 
1251 

Liver, organic phosphate moiety, 
studies, Wosilait, 597 


Phosphorylation: Enzymatic, deoxycy- 
tidylic acid, Maley and Ochoa, 

1538 

Oxidative, adenosine tri-. and diphos- 

phate, exchange reaction, Wadkins 


and Lehninger, 1589 
—, coenzyme A, McMurray and 
Lardy, 754 
—, flight muscle mitochondria, serum 
albumin requirement, Sacktor, 
O'Neill, and Cochran, 1233 


—, respiratory enzymes; intramito- 
chondrial reduced pyridine nucleo- 
tide, binding, Chance and Balt- 
schefisky, 736 

—, mitochondrial suspensions, freez- 
ing, storage, low temperatures, 
Privitera, Greiff, Strength, Anglin, 
and Pinkerton, 524 

—, uncoupling, 2,4-dinitrophenol, 
mode of action, Drysdale and Cohn, 

1574 

Phytoglycolipides: Structure; sphingo- 
lipides, biochemistry, Carter, Gigg, 
Law, Nakayama, and Weber, 1309 
Pituitary: Human, monkey, whale, and 
beef, growth hormones, V-terminal 
amino acid, analysis, Parcells and 

li, 1140 
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Pituitary—continued: 

Human, monkey, whale, beef and 
sheep, growth hormones, C- 
terminal amino acid, sequence, Li, 
Parcells, and Papkoff, 1143 

Posterior, powder, a- and §-melano- 
cyte-stimulating hormone, Lee, 

917 

Plasmin: Fibrinolysin, physicochemical 

studies, and human plasminogen, 

Shulman, Alkjaersig, and Sherry, 

91 

Plasminogen: Human, activation in 

glycerol, Alkjaersig, Fletcher, and 

Sherry, 81 

Placenta: Human, estrogen-sensitive, 
enzyme, Villee and Hagerman, 

42 

—, —; trypsin, urokinase, strepto- 
kinase, kinetic study, Alkjaersig, 
Fletcher, and Sherry, 86 

—, profibrinolysin, physicochemical 
studies, and plasmin, Shulman, 
Alkjaersig, and Sherry, 91 

Polarization: Fluorescence spectra, glyc- 
eraldehyde-3-phosphate, lactic de- 
hydrogenase, coenzyme complexes, 
Velick, 1455 

Polymer(s): Anionic; prostatic acid 
phosphatase, Hummel, Anderson, 


and Patel, 712 
—; ribonuclease, inhibition, Hummel, 
Flores, and Nelson, 717 


Polypeptide(s): p- and t-Glutamy], iso- 
lation, culture filtrates, Bacillus 
subtilis, Thorne and / eonard, 

1109 

Porphobilinogen: Enzymatic synthesis, 
porphyrin; uroporphyrin I, Bogo- 


rad, 501 
—,—, uroporphyrin II, Bogorad, 
510 
—, —, uroporphyrin III, Bogorad, 
516 


Porphyrin(s): Enzymatic synthesis, por- 
phobilinogen; uroporphyrin I, Bo- 


gorad, 501 
—,—, uroporphyrin II, Bogorad, 
510 
—, —, uroporphyrin III, Bogorad, 
516 


Potassium: Migration, amino acid 
transport, Riggs, Walker, and 
Christensen, 1479 

Potassium phosphate: Solutions, excised 
leaves, culture; metabolism, or- 
ganic acids, tobacco, Vickery and 
Levy, 1304 

Prednisolone: Metabolism, rat liver 
homogenates, Vermeulen and Caspi, 

od 


Subject Index 


Profibrinolysin: See Plasminogen 

Progesterone: A‘-Androstenedione, 17a- 
hydroxyprogesterone, biosynthesis, 
human fetal adrenals, Solomon, 

Lenman, Lind, and Lieberman, 
1084 
Protein(s): Association, vitamin A, 
ester and alcohol, rat liver, Krish- 
namurthy, Mahadevan, and Gan- 
guly, 32 
Biosynthesis, and vitamin By2; rela- 
tion, amino acid activation, Wagle, 


Mehta, and Johnson, 619 
Bovine pancreatic juice, Keller, Cohen, 
and Neurath, 344 


Complex, oxytocin, vasopressin, puri- 
fication, Acher, Light, and du 
Vigneaud, 116 

Covalent “high energy” bonds, and 
papain active site, Smith, 1392 

Kiffect, added in vitro, insulin degra- 
dation, glucose uptake, muscle, 
Narahara and Williams, 1034 

Glycine-2-C™ incorporation, and nu- 
cleic acids, lymphocytes in vitro, 
steroids, metabolic inhibitors, ef- 
fects, Blecher and White, 1161 

Growth factor, mammalian cells, 
culture, Lieberman and Ove, 637 

Hepatic, synthesis, ethionine inhibi- 
tion, sex difference, Farber and 
Corban, 625 

Interaction, steroids; 6'-3-ketoster- 
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